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In intermittent streams, hydrological variation is probably the single-most
important factor affecting fish assemblage structure. While the response of
aquatic assemblages to seasonal or annual variation in hydrology is well-known,
less attention has been devoted to how assemblages respond to natural,
intraseasonal drought. To explore this question, I conducted summer surveys of
fish and aquatic insect assemblages occupying pool refugia in first to third order,
intermittent streams in the Saline river drainage in the Ouachita highlands (central
Arkansas, U.S.A.)(2001–2003). The goals of this project were: 1) to relate
assemblage variability of fishes and aquatic insects to environmental gradients
during summer drying of streams; 2) to characterize the variability of fish
assemblages occupying pool refugia, which differed in quality along a spatial

gradient; and, 3) to determine the population genetic structure of five fish species
across the intermittent landscape.
Hydrological variables explained significant variation in assemblage
variability for fishes. In contrast, variability in aquatic insect assemblages was
related to water quality variables. These patterns are similar to those observed at
larger scales of space and time. As pools dried, neither fish species richness nor
the slope of the species-area relationship changed. However, the structure of
many assemblages was variable over time. Pools with a relatively stable
hydrology were sources of reproduction and high population growth, low
extinction and high immigration. Sites that exhibited a more variable hydrology
(drying completely or nearly-so) were sinks characterized by population declines.
The majority of sites had minimal population growth, and intermediate
immigration and extinction rates, and were dubbed metapopulations. Immigration
and extinction dynamics had important effects on population genetics for common
fish species. Two common species had relatively high immigration rates and
showed no population differentiation. Populations of three species showed
differentiation that was not related to geographic distance among sites. Instead,
local extinction of rare haplotypes and evidence of recent bottlenecks suggested
that ecological attributes associated with summer drought affected population
differentiation. It is clear that retaining the natural hydrology of stream systems

contributes to the maintenance of biodiversity, and the conservation of complex
demographic processes and genetic patterns.
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CHAPTER 1
INTRODUCTION
Intermittent streams are extremely dynamic, drying to a series of nearly or
completely isolated pools during summer (Taylor and Warren 2001). This annual
variation in flow regime likely influences both fish (Schlosser 1987; Grossman et
al. 1982; Grossman et al. 1998; Taylor and Warren 2001) and aquatic insect
assemblages (Miller and Golladay 1996; Williams et al. 2003a). Aquatic insects
are also sensitive to environmental gradients of water chemistry or other physicochemical conditions (Bendell and McNicol 1987; Rundell et al. 1993; Williams et
al. 2003a) that can drastically change during periods of low flow or seasonal
drought (Magoulick and Kobza 2003). Aquatic assemblages are usually resilient
following drought (Deacon 1961; Cowx et al. 1984; Miller and Golladay 1996;
Humphries and Baldwin 2003; Lake 2003; Matthews and Marsh-Matthews 2003),
due to their persistence in pool refugia or reservoirs (Lienesche et al. 2000; Lake
2003; Magoulick and Kobza 2003). The consequences of drying or deteriorating
refugia (Fig. 1.1) on aquatic assemblages are not well understood.
Although drying of streams usually results in population declines (Matthews
and Marsh-Matthews 2003), and possibly local extinction (Magoulick and Kobza
2003), re-colonization is possible from neighboring local populations (Taylor and

1

2
Warren 2001). Early summer spates provide dispersal corridors, but drying
intensifies during late summer and often results in greater isolation, and possibly
higher rates of mortality or local extinction. Mortality could result from
increasingly harsh physico-chemical conditions or habitat degradation (Lake
2003; Magoulick and Kobza 2003), and increased predator density (Williams et
al. 2003b), which occur as pools dry (Gorman and Karr 1974; Magoulick 2000).
Alternatively, organisms may be seasonally acclimatized for coping with such
environmental variability (Love and Rees 2002).
Recovery of populations following drought results from recolonization and
reproduction (Deacon 1961) but may mislead researchers from predicting longterm, profound effects of drought on aquatic communities (Humphries and
Baldwin 2003). Molecular techniques enable a better way of understanding how
communities have been historically affected by seasonal dry-down of streams. By
exploring population differentiation for stream fishes (Zimmerman 1987), or
population bottlenecks (Luikart et al. 1998) in an intermittent landscape,
evolutionary trajectories may, in fact be partially related to ecological
circumstance (Humphries and Baldwin 2003).
I assessed the impact of seasonal drought on aquatic fish and insect
assemblages within intermittent streams of the Alum Fork of the Saline River
(Ouachita highlands; central Arkansas; U.S.A.). I quantified and characterized
changes in assemblage structure over time. I also explored genetic differentiation,

3
bottlenecks, and demographic histories of five stream fishes from six
subpopulations. The specific goals of this dissertation were: 1) to relate local
assemblage variability to environmental gradients; 2) to characterize assemblage
variability with regard to species composition and demographic change during
summer; and 3) to explore the population genetics of fish species inhabiting
intermittent streams.

Figure 1.1. Pool refugia in the North Alum Fork in July (upper) and
September (lower) illustrating the seasonal drying of pool refugia
within intermittent streams of the Alum Fork in the Saline River
drainage (central Arkansas) during summer (2003).

4
LITERATURE CITED
Bendell, B.E. and D.K. McNicol. 1987. Fish predation, lake acidity and the
composition of aquatic insect assemblages. Hydrobiologia 150:193–202.
Cowx, I.G., W.O. Young, and J.M. Hellawell. 1984. The influence of drought on
the fish and invertebrate populations of an upland stream in Wales. Freshwater
Biology 14:165–177.
Deacon, J.E. 1961. Fish populations, following a drought, in the Neosho and
Marais des Cygnes Rivers of Kansas. University of Kansas Publications
Museum of Natural History 13:359–427.
Gorman, O.T. and J.R. Karr. 1978. Habitat structure and stream fish communities.
Ecology 59:507–515.
Grossman, G.D., M.C. Freeman, P.B. Moyle, and J.O. Whitaker, Jr. 1982.
Stochasticity and assemblage organization in an Indiana stream fish
assemblage. American Naturalist 126:275–285.
_____, R.E. Ratajczak Jr., M. Crawford, and M.C. Freeman. 1998. Assemblage
organization in stream fishes: effects of environmental variation and
interspecific interactions. Ecological Monographs 68:395–420.
Humphries, P. and D.S. Baldwin. 2003. Drought and aquatic ecosystems: an
introduction. Freshwater Biology. 48:1141–1146.
Lake, P.S. 2003. Ecological effects of perturbation by drought in flowing waters.
Freshwater Biology 48:1161–1172.

5
Lienesch, P.W., W.I. Lutterschmidt, and J.F. Schaefer. 2000. Seasonal and longterm changes in the fish assemblage of a small stream isolated by a reservoir.
Southwestern Naturalist 45:274–288.
Love, J.W. and B.B. Rees. 2001. Seasonal differences in hypoxia tolerance in gulf
killifish, Fundulus grandis (Fundulidae). Environmental Biology of Fishes
63:103–105.
Luikart, G., F.W. Allendorf, J.-M. Cournuet, and W.B. Sherwin. 1998. Distortion
of allele frequency distributions provides a test for recent population
bottlenecks. Genetics 89:238–247.
Magoulick, D.D. 2000. Spatial and temporal variation in fish assemblages of
drying stream pools: the role of abiotic and biotic factors. Aquatic Ecology
34:29–41.
Magoulick, D.D. and R.M. Kobza. 2003. The role of refugia for fishes during
drought: a review and synthesis. Freshwater Biology 48:1186–1198.
Matthews, W.J. and E. Marsh-Matthews. 2003. Effects of drought on fish across
axes of space, time and ecological complexity. Freshwater Biology 48:1232–
1253.
Miller, A.M. and S.W. Golladay. 1996. Effects of spates and drying on
macroinvertebrate assemblages of an intermittent and a perennial prairie
stream. Journal of the North American Benthological Society 15:670-689.

6
Rundle, S.D., A. Jenkins, and S.J. Ormerod. 1993. Macroinvertebrate
communities in streams in the Himalya, Nepal. Freshwater Biology 30:169–
180.
Schlosser, I.J. 1987a. A conceptual framework for fish communities in small
warmwater streams, pp. 17–24. In: Community and Evolutionary Ecology of
North American Stream Fishes, W.J. Matthews and D.C. Heins (Eds.),
University of Oklahoma Press, Norman, OK.
Taylor, C.M. and M.L. Warren, Jr. 2001. Dynamics in species composition of
stream fish assemblages: environmental variability and nested subsets. Ecology
82:2320–2330.
Williams, L.R., C.M. Taylor, M.L. Warren, Jr. and J. A. Clingenpeel. 2003a.
Environmental variability, historical contingency, and the structure of regional
fish and macroinvertebrate faunas in Ouachita mountain stream systems.
Environmental Biology of Fishes 67:203–216.
_____, C.M. Taylor, and M.L. Warren Jr. 2003b. Influence of fish predation on
assemblage structure of macroinvertebrates in an intermittent stream.
Transactions of the American Fisheries Society 132:120–130.
Zimmerman, E.G. 1987. Relationships between genetic parameters and life
history characteristics of stream fish, pp. 239–244. In: Community and
evolutionary ecology of North American fishes, W.J. Matthews and D.C.
Heins (Eds.), University of Oklahoma Press, Norman, OK.

CHAPTER II
AQUATIC ASSEMBLAGE VARIABILITY DURING SEASONAL
DRY-DOWN OF INTERMITTENT STREAMS
ABSTRACT
I investigated changes in fish and aquatic insect assemblages during natural,
seasonal dry-down of intermittent streams in the Alum Fork of the Saline River,
Arkansas, U.S.A. (June – September, 2002). Assemblages were surveyed
monthly to estimate their temporal variability, extinction rates, and immigration
rates. These variables were related to important environmental gradients
including hydrological variation, habitat size, and water quality. Hydrological
characteristics and water quality partially explained changes in assemblage
structure for fishes and aquatic insects, respectively. Changes in assemblage
structure were less pronounced in downstream reaches for fishes, and most
pronounced in midstream habitats for aquatic insects. High variability of aquatic
insect assemblages in midstream reaches could be related to either predation or
nutrient enrichment by crayfish which were locally abundant in these reaches.
Generally, my results support observations at larger scales, indicating that aquatic
assemblages in intermittent streams respond to similar processes across multiple
space and time scales.
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INTRODUCTION
The debate over assemblage stability has been extensive, especially for aquatic
systems (see Matthews 1998). The debate has been fueled by spatial variation in
environmental stability in streams. The high flow variability of upstream reaches
possibly accounts for the putatively high assemblage variability and extinction
rates for upstream fish assemblages (Grossman et al. 1982; Schlosser 1987a;
Gotelli and Taylor 1999; Taylor and Warren 2001). Schlosser (1982, 1985) has
suggested that physical processes affecting habitats, such as periodic spates, affect
fish assemblages via reproductive success and recolonization rates. Even though
such patterns of assemblage variability have been elucidated at larger scales
(reach and watershed levels), across years and seasons (Taylor and Warren 2001;
Williams et al. 2003a), intraseasonal dynamics related to unpredictable spates and
pool drying during summer are not well understood (Magoulick and Kobza 2003).
During summer, flow of intermittent streams in the Alum Fork of the Saline
River is reduced, resulting in aquatic assemblages that are isolated to pools when
riffles dry (Taylor and Warren 2001). Pool drying results in an increased density
of both macroinvertebrates (Miller and Golladay 1996) and fishes (Williams et al.
2003a). Pools continue to dry during summer, and progressively deteriorate
unless flow is re-established by periodic spates that usually occur in July or early
August. The interaction between the extent of summer spates or pool drying, and
the spatial position of sites within the drainage is not clear, but should result in
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high variability and extinction rates in small, upstream pools (Taylor 1997;
Gotelli and Taylor 1999). Downstream pools are likely to exhibit lower
assemblage variability because of higher immigration rates from neighboring
populations and more benign environmental conditions (Taylor and Warren
2001).
In this paper, I investigated how environmental gradients during summer
drought were related to assemblage variability, immigration rates, and extinction
rates for two stream assemblages: fishes and aquatic insects. I also investigated
spatial patterns of assemblage variability and qualitatively compared them
between fishes and insects.

METHODS

Study Area
I sampled 14 pools in the Alum Fork of the Saline River drainage during
summer 2002 (June–August; Fig. 2.1). Habitats included first to third order
streams and ranged from being modified by humans (box-culverts) to natural,
without obvious anthropogenic impacts. These streams are annually subjected to
severe dry-down during summer and early fall (generally July to October) when
precipitation is less frequent. As a result, isolated pools form allowing for a welldefined census of pool assemblages and habitat characteristics.
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Environmental variables were measured during midday (1000–1400).
Dissolved oxygen (DO), specific conductivity, and temperature were measured at

Figure 2.1. Map of 14 study sites in tributaries of the Alum Fork
of the Saline River drainage in central Arkansas
(June–August, 2002).

each site using a Yellow Springs Instrument Model 85 (YSI-85). Chlorophyll a
and turbidity were measured using a handheld flurometer (Turner Designs) as the
average of three samples. The pH at each site was measured using a Corning
M90 pH Sensor. Pool volume was calculated as the product of length of the pool,
mean pool width (n = 4, equally spaced transects), and mean pool depth (n = 16,
four equally spaced points per transect). Depth was taken at four equidistant
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points, usually along the same transect each month unless prevented by pool
drying. Pool position was calculated as stream distance from the most
downstream site using ArcView (Version 3.2, Environmental Systems Research
Institute, Inc., 1999), and spatial data from GIS Data Depot
(www.gisdatadepot.com) and the U.S.D.A. Forest Service. Sites were georeferenced with a GPS Magellan handheld unit.

Aquatic Insect Collection
I sampled macroinvertebrates from July to August using Hester-Dendy plate
samplers (Hester and Dendy 1962) and D-frame sweep nets. Samplers were
randomly placed within each pool, with the last plate flush with substrate. Metal
rods (0.95 cm diameter, 61 cm long rebar) were driven into the stream bed and
samplers were fitted to them with cable ties. The number of samplers depended
on pool size with generally one sampler installed per 10m3 of volume. Samplers
were installed in June and remained in the pools for one month to achieve
colonization by macroinvertebrates (Crowe 1974). I used sweep nets to sample
aquatic insects occurring along the edges of pools. I made 6, 10 second sweeps of
all available microhabitats within each pool. Sampling was consistent across
months. In addition, I recorded the presence of aquatic insect taxa that were
observed but not collected, and included these data into a presence-absence matrix
(see below) for analysis.
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All samples were stored in 70% ethanol mixed with Rose Bengal dye to stain
living tissue. I transported specimens to the laboratory where identification was
conducted using Merritt and Cummins (1984). I identified all specimens to
family, and to genera when possible. Analyses were performed at the family level
to include specimens that were not identifiable to genus. Community patterns
using quantitative data are similar across taxonomic scales for many aquatic
insects (Bowman and Bailey 1997).

Fish Collection
I used Gee minnow traps to sample fishes from June–August. Number of traps
varied by initial pool size (1 per 10m3 of volume) and remained constant
throughout summer. Half of the traps at each site contained chemical light sticks
which only slightly improved the collection of fish species (JWL, unpubl. data).
A plastic, floater trap was used at each site to improve the collection of surfaceoriented and water-column fishes (e.g., Lythurus umbratalis). Traps had an
entrance diameter of 3 cm, and did not sample all species equally well. However,
they provided a consistent sampling methodology for statistical comparisons over
time across sites.
I placed traps in each pool along the same transects each month. I sampled
fishes for 24 hours, identified them to species, marked them by clipping the upper
caudal lobe, measured them for standard length (Hubbs and Lagler 1949) and
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weighed them (portable hand scale, Ohaus HP320, ± 0.1g). I released fish to their
pool, rotated traps, and re-set traps for another 24 hours. Fishes were again
sampled, identified, and measured. I noted recaptures on the following day and
excluded them from analyses. In addition, I recorded the presence of fish species
that were observed but not collected, and included these data in analyses utilizing
occurrence data (see below).

Data Treatment
I averaged habitat variables across months and calculated their respective
coefficients of variation (CV). Stream distance was log-transformed prior to
analyses. The CV represented the magnitude of change in a variable at a site
across time. I subjected averages and CVs to a principle components analysis
(PCA) to summarize environmental variation across space and time. I used a
Scree plot to select the number of orthogonal environmental gradients (i.e.,
principle components; PCs) to use in regression models. I estimated temporal
changes in assemblage composition from occurrence and relative abundance data
(Lienesch et al. 2000). Occurrences were tabulated in a presence-absence
matrices for fishes and macroinvertebrates. I used occurrence data to calculate
Jaccard’s index of similarity (JI) which ranged from zero to one at a site,
reflecting completely dissimilar assemblages across time to identical assemblages
across time, respectively. Relative abundance was calculated as the abundance of
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a taxon divided by total abundance of individuals at a site. I used relative
abundance data to calculate percent similarity indices (PSI), which also ranged
from zero (0% similar across time) to one (100% similar across time). Similarity
coefficients were calculated for all pairwise monthly samples at a site and a sitespecific, average coefficient was then calculated. To explore how assemblage
variability was related to measured environmental gradients, I used these averages
as dependent variables in multiple regression models with PCs as independent
effects.
I also used immigration and extinction rates as dependent variables in multiple
regression models with the habitat gradients as independent effects. I calculated
extinction and immigration rates of fishes and aquatic insects following Taylor
and Warren (2001). Briefly, these rates are probabilities derived from a presenceabsence matrix. The probability of extinction (Pe) is the number of times a site
was occupied at time (t), but unoccupied at time step (t + 1), divided by the
number of times a site was occupied at t. Similarly, the probability of
immigration (Pi) is the number of times a was unoccupied at t, but occupied at t +
1, divided by the number of times a site was unoccupied at t. I calculated these
rates for the lowest level of taxonomic resolution of fishes and insects. I averaged
Pi or Pe across taxa for each site. Analysis of variance (ANOVA) was used to test
the null hypothesis of no difference between Pi and Pe across the landscape for
both taxonomic assemblages.
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All analyses were performed with SYSTAT (Version 10, SPSS Inc., Chicago,
IL, 2000).

RESULTS

Habitat Gradients
Three PC axes summarized 61% of environmental variation (Table 2.1). PC1
explained most of the habitat variation across sites, and described a gradient of
hydrological variability, from highly dynamic, upstream pools to more stable
downstream pools. Although spates in June and July re-connected 5 headwater
pools periodically, pools were not re-connected later in summer. Number of fish
recaptures was higher in August and September than June and July (ANOVA,
F1,54 = 6.43; P = 0.01). On average, pool size decreased 35% over time (repeated
measures ANOVA, F3,39 = 3.80; P = 0.02), but the magnitude of the change
ranged from 13–100%.
Variation in chlorophyll a, pool position and pool size were correlated with
PC2. Upstream pools that were large had more stable chlorophyll a values. PC3
was correlated with DO, chlorophyll a, and variability in DO and turbidity. Pools
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Table 2.1. Principle components analysis of habitat variables measured in drying
pools of tributaries of the Alum Fork of the Saline River drainage from
June - September (2002). The first three eigenvectors are shown with
respective eigenvalues and % variance explained. Loadings on each
axis indicate the variables’ correlation to the environmental gradient.
Variable

PC1

PC2

PC3

CV volume

0.84

0.13

-0.03

CV specific conductivity

0.78

-0.12

0.17

CV depth

0.78

0.43

0.09

Specific conductivity

0.77

-0.25

0.10

Distance upstream

0.56

0.56

0.40

Volume

-0.52

0.60

-0.20

CV chlorophyll a

0.10

-0.73

0.19

Depth

-0.42

0.60

0.38

pH

0.02

-0.58

0.16

Turbidity

0.44

0.57

-0.56

CV turbidity

0.18

0.33

-0.64

CV dissolved oxygen

0.48

0.09

0.60

Dissolved oxygen

0.28

-0.39

-0.59

Chlorophyll a

0.43

0.13

0.53

CV pH

-0.38

0.19

0.47

% Variance explained

26%

19%

16%
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with high chlorophyll a values were more eutrophied and varied greatly in DO
and turbidity.

Fish Assemblages
I collected a total of 544 individuals representing 18 species. An additional 3
species were observed, but not collected (Etheostoma nigrum, Micropterus spp.,
Labidesthes sicculus). The number of collected individuals and species generally
increased over summer (Table 2.2). Lepomis cyanellus (green sunfish) and
Aphredoderus sayanus (pirate perch) dominated samples each month. Lepomis
cyanellus were always abundant and occupied from 36% (July) to 65% (June) of
the sample. The immigration rate for L. cyanellus was fairly high (Pi = 0.66;
Table 2.3), and change in abundance was relatively low (CV = 0.41).
Proportionately fewer A. sayanus were collected, ranging from 8% (September) to
15% (July). The relative abundances of the remaining 21 species occupied less
than 10% of the sample. Rarer species tended to have higher extinction rates and
higher variation in abundance over time across all sites (Table 2.3).
Average extinction rates across all sites (Pe=0.56) were higher than average
immigration rates (Pi=0.40; F1, 26 = 5.93; P = 0.02). Extinction rates were
positively related to the pool size-position gradient (PC2; linear regression, r2 =
0.33; P = 0.03; Fig. 2.2A) and marginally related to the hydrological variability
gradient (PC1; Table 2.2). Extinction rates were highest in upstream and
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sometimes large pools that exhibited high variability in size. Immigration rates
were not related to measured habitat gradients (Table 2.4).

Table 2.2. Number of individuals (No. Inds.) and species (No. Spp.) of fishes and
aquatic insects collected from the Alum Fork of the Saline River
(central Arkansas) from June – September (2002).
Month

Fish
No. Inds.
No. Spp.

Insects
No. Inds.
No. Spp.

June

122

10

July

85

12

912

20

August

136

14

1022

25

September

201

13

1741

24

Table 2.3. Immigration and extinction rates for fishes averaged across sites of the
Alum Fork of the Saline River drainage (central Arkansas, June –
September, 2002). Rates were calculated using a presence/absence
matrix that included observations from the number of sites where
individuals were collected (n). Mean abundance (ABU) is the average
abundance of each collected species across the sampling period. The
coefficient of variation (CV) for abundance represents the level of
change in abundance for each collected species. Species that were
only observed, and not collected are indicated by -----.
Species

n

Pi

Pe

ABU

CV

Aphredoderus sayanus

10

0.46

0.25

14.75

0.14

Campostoma anomalum

10

0.56

0.73

6.00

1.38
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(Table 2.3, cont.)
Etheostoma colletti

5

0.40

1.00

1.50

0.39

Esox americanus

3

0.44

0.66

0.50

1.16

Etheostoma nigrum

2

0.50

1.00

-----

-----

Erimyzon oblongus

3

0.33

0.00

1.25

2.00

Semotilus atromaculatus

9

0.37

1.00

10.25

0.15

Etheostoma artesiae

4

0.08

0.75

0.75

1.28

Fundulus olivaceus

10

0.76

0.75

0.75

1.28

Hypentilium nigricans

1

0.00

1.00

0.25

2.00

Amerius natalis

3

0.61

0.33

2.25

1.17

13

0.66

0.36

67.00

0.41

3

0.00

0.43

4.25

0.80

11

0.57

0.45

13.25

0.98

Labidesthes sicculus

2

0.50

0.75

-----

-----

Lythurus umbratalis

5

0.25

0.57

0.25

2.00

Micropterus spp

4

0.56

0.63

-----

-----

Noturus lachneri

8

0.44

0.37

8.50

0.56

Notropis boops

3

0.67

0.33

2.00

0.71

Percina caprodes

2

0.50

0.50

0.50

2.00

Pimephales notatus

2

0.50

1.00

1.25

1.51

Lepomis cyanellus
Lepomis macrochirus
Lepomis megalotis
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Similarity coefficients using relative abundance and occurrence data were
related to hydrological variability (PC1; Table 2.5). Pools with greater variability
in size had the least similar assemblages over time (linear regression, r2 = 0.31; P
= 0.04; Fig. 2.3A). Similarity coefficients calculated from occurrence data were
also related to pool size-position (PC2; Table 2.5). Upstream pools that were
large had the least similar assemblages over time.
I separately explored how assemblage similarity was related to distance
upstream because this directly measured spatial position in the watershed.
Upstream assemblages were most variable across time when using both relative
abundances (r2 = 0.38; P = 0.01; Fig. 2.4A) and occurrence data (r2 = 0.65; P <
0.01; Fig. 2.4C).

Aquatic Insect Assemblages
A total of 3675 individuals representing 39 genera were collected from July to
September. Abundance increased over summer and the highest number of genera
were collected in August (Table 2.2). The Chironomidae and Heptageniidae
(Stenonema) were the most abundant taxa collected at each site (Table 2.6).
Chironomids were particularly abundant in box-culvert pools where they
constituted greater than 90% of the sample in each sampling period. The
Chironomidae increased in relative abundance from July (49% of the sample) to
August (69% of the sample), but decreased slightly in September (63% of the
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sample). Stenonema became relatively less abundant from July (45% of the
sample) to September (17% of the sample). In contrast, the relative abundance of
Paraleptophelibia increased from 0% in July to 15% in September. All other
genera occupied a lower percentage of the sample (< 10%; Table 2.6).
Immigration rates (Pi = 0.44) were higher than extinction rates (Pe = 0.34; F1, 26
= 3.86; P = 0.06), but were unrelated to measured habitat gradients (Table 2.4).
Extinction rates, however, were negatively related to PC 3 (r2 = 0.29; P = 0.04;
Fig. 2.2B) and were lowest in eutrophied sites with high chlorophyll a, and high
variability in DO and turbidity.
Similarity coefficients using relative abundance data were related to PC 3
(Table 2.5). Assemblages were most stable in eutrophied sites (linear regression,
r2 = 0.35; P = 0.02; Fig. 2.3B). Assemblage similarity (PSI) over time was also
lowest in midstream reaches (quadratic regression; r2 = 0.45; P = 0.01; Fig. 2.4B).
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Table 2.4. Multiple regression results explaining extinction and immigration rates
of fish and aquatic insect assemblages in drying pools of intermittent
streams in the Alum Fork of the Saline River drainage (June –
September, 2002). Immigration and extinction rates were calculated
following Taylor and Warren (2001). Principle component (PC) axes
were used as effects in the model and were derived from a principle
components analysis (Table 2.1). Standardized coefficients (β),
probability values (P) and variance explained (r2) are given for each
model.
P

r2

0.021

0.78

0.08

PC 2

0.134

0.67

PC 3

0.234

0.47

PC 1

0.246

0.32

PC 2

-0.497

0.06

PC 3

-0.378

0.14

PC 1

0.410

0.09

PC 2

0.575

0.02

PC 3

-0.191

0.40

PC 1

-0.027

0.92

PC 2

0.093

0.73

PC 3

-0.543

0.07

Dependent Variable

Effect

β

fish immigration rate

PC 1

insect immigration rate

fish extinction rate

insect extinction rate

0.45

0.54

0.31
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Table 2.5. Multiple regression results explaining assemblage similarity across
time of fish and aquatic insect assemblages in drying pools of
intermittent streams in the Alum Fork of the Saline River drainage
(June – September, 2002). Similarity coefficients were calculated as
Percent Similarity Index (PSI) and Jaccard’s Index (JI). Principle
component (PC) axes were used as orthogonal effects in the model and
were derived from PCA (see Table 2.1). Standardized coefficients (β),
probability values (P) and variance explained (r2) are given for each
model.
r2

Dependent Variable

Effect

β

PSI – Fishes

PC 1

-0.553

0.05

PC 2

-0.216

0.41

PC 3

-0.175

0.50

PSI – Aquatic Insects PC 1

0.254

0.32

PC 2

-0.046

0.85

PC 3

0.593

0.03

PC 1

-0.521

0.03

PC 2

-0.502

0.04

PC 3

0.157

0.48

PC 1

0.2561

0.36

PC 2

0.4574

0.12

PC 3

-0.1826

0.51

JI – Fishes

JI – Aquatic Insects

P

0.38

0.42

0.55

0.30
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Table 2.6. Immigration and extinction rates for aquatic insect families averaged
across sites of the Alum Fork of the Saline River drainage (central
Arkansas, July to September, 2002). Rates were calculated using a
presence/absence matrix that included observations from the number
of sites where individuals were collected (n). Abundance (ABU) for
each family is averaged across months. The coefficient of variation
(CV) for abundance is the level of change in abundance across months.
For families that were always present (-----), Pi was undefined.
Family
Polycetropidae

n
3

Pi
1.00

Pe
1.00

ABU
1.00

CV
1.73

Chironomidae

14

-----

0.00

751.33

0.44

Culcidae

1

0.25

0.50

1.00

1.73

Chaoboridae

1

0.50

0.33

0.67

1.73

Ceratopogonidae

4

0.75

0.25

13.00

0.61

Libellulidae

6

0.33

0.58

3.00

0.33

Cordulidae

7

0.43

0.29

3.00

1.16

Coengrionidae

2

0.75

0.50

1.00

1.00

Gomphidae

1

0.50

1.00

0.33

1.73

Perlidae

1

0.25

1.00

0.33

1.73

Heteroceridae

1

0.00

1.00

0.33

1.73

Dytiscidae

4

0.38

0.75

2.00

0.50

Elmidae

2

0.75

0.50

1.00

1.00

Psphenidae

1

1.00

1.00

1.33

1.15

Curculonidae

1

0.00

1.00

0.33

1.73

Gerridae

11

0.83

0.07

6.67

0.38
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(Table 2.6, cont.)
Gyrinidae

5

0.80

0.06

2.33

0.66

Notonectidae

4

0.50

0.33

8.67

0.87

Nepidae

1

0.50

1.00

0.33

1.73

Veliidae

3

0.33

0.33

1.00

1.00

Caenidae

5

0.38

0.50

10.33

0.64

Heptageniidae

13

0.60

0.07

312.33

0.30

Leptophelibiidae

12

0.70

0.33

98.67

1.44

Baetidae

2

0.25

0.42

2.00

0.87

Siphloduridae

1

0.50

1.00

0.33

1.73

Sialidae

4

0.33

0.50

2.00

0.50

Noctuidae

2

0.50

1.00

0.67

1.73
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1.2

Extinction Rate

Fish
2
r = 0.33
1.0 P = 0.03

A

0.8
0.6
0.4
0.2
0.0
PC 2 (Upstream pools that are large, Low CV chlorophyll a)

1.0

Extinction Rate

Aquatic Insects
2
r = 0.29
0.8 P = 0.04

B

0.6

0.4

0.2

0.0
-4

-2

0

2

4

PC 3 (Eutrophication)

Figure 2.2. Extinction rates for fishes (A) and aquatic insects (B)
collected in tributaries of the Alum Fork of the Saline River
drainage (June – September, 2002). Extinction rates are
plotted against principle components 2 and 3 for fishes and
aquatic insects, respectively.
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Figure 2.3. Assemblage variability for fishes (A) and aquatic insects (B)
collected in tributaries of the Alum Fork of the Saline River
drainage (June – September, 2002). Percent similarity
coefficients are plotted versus principle components 1 and 3 for
fishes and insects, respectively.
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Figure 2.4. Assemblage variability across the stream gradient for fishes and
aquatic insects collected in tributaries of the Alum Fork of the
Saline River drainage (June – September, 2002). Percent
similarity coefficients (PSI) are plotted by distance upstream for
fishes (A) and aquatic insects (C). In addition, Jaccard’s index
of similarity (JI) is plotted by distance upstream for fishes (B)
and aquatic insects (D). The model fitting the relationship of
PSI for aquatic insects and distance upstream (C) is quadratic.
All others are linear regressions.
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DISCUSSION
Several studies document resilience of stream communities following severe
drought (Detenbeck et al. 1992; Dodds et al. 2004). Stream drying during
seasonal drought is also known to affect the dynamics of aquatic communities
(Magoulick 2000; Taylor and Warren 2001; Capone and Kushlan 1991; Willliams
et al. 2003a; this study). Stream drying results in population declines (Lake 2003;
Magoulick and Kobza 2003; Matthews and Marsh-Matthews 2003) and local
extinctions (Taylor and Warren 2001; this study) which can be caused by
predation (Kofron 1978; Williams et al. 2003a) or harsh physicochemical
conditions (Magoulick and Kobza 2003) in pool refugia. Following seasonal
drought, pool refugia may be important sources for recolonization of dried stream
reaches (Griswold 1982), which begs better understanding of assemblage
dynamics within these refuge pools. In this study, I found that assemblages
within several refuge pools were highly variable across time, and that assemblage
variability was explained by environmental gradients of habitat stability and
quality.
Downstream pools were least variable in size, and had the least variable fish
assemblages. Taylor and Warren (2001) suggested that local extinctions in
downstream pools may be ameliorated by quick recolonization of immigrants
from nearby populations. Extinction rates were highest in upstream pools (Gotelli
and Taylor 1999; this study), and was likely related to their greater isolation
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(Taylor 1997) and fewer immigrants (Magnuson et al. 1998). Interestingly,
extinction rates in this study were highest in upstream, large pools. Within the
island biogeography paradigm (MacArthur and Wilson 1967), Taylor (1997)
showed that extinction rates were negatively correlated with pool size, indicating
that large pools had low extinction rates. My study suggests that extinction rates
may be more related to pool isolation than pool size, at least during summer drydown. Notably, this finding could also result from the population dynamics of
dominant species (e.g., A. sayanus or L. cyanellus), or the infrequent capture of
rare species in large, upstream pools.
Extinction rates and abundance were highly variable over time for many darter
(Etheostoma spp.) and minnow (C. anomalum, P. notatus) species. These species
may be less likely to colonize during summer, or more susceptible to riffle drying
or pool degradation than sunfishes (Lepomis spp.) which tended to have lower
extinction rates. Sunfishes often inhabit deepwater pools. Because the minnowtrap method of sampling is biased for collection of sunfishes and against
collection of smaller-bodied darters, calculated extinction and immigration rates
of species may be biased. Because this error was distributed evenly across all
sites throughout summer, such biases are unlikely to influence the overall spatial
pattern of variability and extinction reported in this study.
Habitat quality influenced the variability of aquatic insect assemblages.
Variability was lowest in habitats characterized by high chlorophyll, low DO, and

31
high changes in DO, which can be characteristic of highly productive, or
eutrophic habitats. Eutrophication of lentic habitats can strongly affect
community structure (Cole 1994) because aquatic insects are notably sensitive to
water chemistry (Bendell and McNicol 1987; Rundel et al. 1993; Williams et al.
2003b). Eutrophied sites were consistently dominated by chironomids, and likely
precluded colonization of other taxa, resulting in low assemblage variability and
extinction rates. Even though the Heptageniidae (mainly Stenonema
tripunctatum) also dominated samples at some sites, other taxa were frequently
collected at these sites.
Diverse aquatic insect assemblages were highly variable (JWL, unpubl. data),
which may be related to differences in species-specific emergence times during
summer (Dewalt et al. 1994), or smaller population sizes for each species. High
variability may also occur in disturbed habitats (McCall and Soster 1990; Flecker
and Feifarak 1994; Paller 2002). Hydrological disturbance, however, is highest
upstream (Schlosser 1987a; Taylor and Warren, 2001), with minor anthropogenic
disturbances downstream (e.g., litter); and in this study, variability was highest in
midstream reaches. Crayfish abundance was highest at midstream sections and
may influence assemblages of aquatic insects by acting as nutrient enrichers or
predators (Hart 1992; Parkyn et al. 1997). Biotic influences such as predation
(Kofron 1978; Schlosser 1987b; Gilliam and Fraser 2001) were not measured, but
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are known to influence aquatic insect densities in this system (Williams et al.
2003a).
Characterizing assemblage changes in environmentally dynamic settings helps
identify processes responsible for maintaining local and regional diversity. While
diversity is affected by biotic factors such as predation (Paine 1966) or
competition for resources (Tilman and Pacala 1994), other factors such as habitat
stability, and ecological drift (Hubbell 2001) may be as, or more important. In
this study, the most diverse assemblages for fishes and aquatic insects occurred in
downstream reaches. High immigration rates into hydrologically stable,
downstream pools (Taylor and Warren 2001) may contribute to their high local
diversity (Loreau and Mouquet 1999). Because diversity is not conserved by
managing a single species or reserve, but by protecting natural processes, the
relative contributions of biotic and abiotic factors, and ecological drift to
diversity, and how these relative contributions change along different scales,
requires greater attention.
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CHAPTER III
SOURCE-SINK DYNAMICS IN A SEASONALLY
FRAGMENTED LANDSCAPE
ABSTRACT
Seasonal drought in intermittent streams may adversely affect assemblage
diversity and demography for fishes. I explored this hypothesis using data
collected from upper tributaries of the Alum Fork of the Saline River drainage
(central Arkansas) from July to October, 2003. The majority of habitat variation
during summer was related to changes in pool size which were usually more
dramatic at headwater sites. Despite significant reductions in pool size over time,
I found that pool drying had little effect on species richness. However, dramatic
changes in assemblage structure occurred for the majority of pools. I
characterized those changes per pool by calculating bimonthly extinction rates
(Er), immigration rates (Ir), and proportional changes in assemblage size (∆N).
These metrics were used to identify three groups of pool assemblages in the
watershed: sources (high Ir, low Er, ∆N > 1.0); sinks (low Ir, high Er, ∆N < 1.0);
and metapopulations, which had intermediate values (moderate Ir, low Er, ∆N >
1.0). Local drying of pools led to higher local extinction rates which affected
landscape patterns of assemblage structure. My data support hybrid source-
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sink/metapopulation approaches for understanding local and regional changes in
fish assemblage structure of intermittent stream systems.

INTRODUCTION
In lieu of persistent, human modification of landscapes, exploring how
communities respond to natural, environmental variability is essential for
providing base-line information of natural assemblage dynamics. In intermittent
streams, fish communities respond mainly to hydrological variation (Schlosser
1987; Poff and Allan 1995; Grossman et al. 1998). Reduced flow in intermittent
streams during summer drought can adversely impact the structure of fish
assemblages (Taylor and Warren 2001; Matthews and Marsh-Matthews 2003;
Magoulick and Kobza 2003). For example, local species extinctions may occur as
a result of pool drying, especially if pool size is related to species number
(MacArthur and Wilson 1967; Angermeier 1989; Taylor 1997). Mortality or
emigration from low-quality pools prior to isolation may occur because of harsh
physicochemical conditions during summer (Schaeffer 2001; Magoulick and
Kobza 2003), unless organisms are seasonally acclimatized for coping with
attenuating harsh conditions (Love and Rees 2001) .
Local extinction processes related to summer drought may ultimately affect
species distributions at broader scales. Regional patterns of nestedness noted for
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many taxa are caused by deterministic extinction (Kodric-Brown and Brown
1993; Taylor 1997; Wright et al. 1997). Extinctions are likely to increase in
frequency as summer becomes more hot and dry, possibly resulting in
progressively higher nestedness.
The objectives of this study were: 1) to determine how drought in these
temperate, intermittent streams affected diversity and assemblage composition;
and 2) to determine if increasing local extinction rates resulted in higher
nestedness across the landscape.

METHODS

Study Sites
Thirteen pools were geo-referenced from upper, intermittent tributaries of the
Alum Fork of the Saline River drainage (central Arkansas; Summer 2003; Fig.
3.1) using a GPS Magellan handheld unit. Coordinates were entered into a spatial
database which was created from data provided by the U.S.D.A. Forest Service
and GIS Data Depot (www.gisdatadepot.com). Distance among sites was
estimated with ArcView (Version 3.2, Environmental Systems Research Institute,
Inc., 1999).
I sampled pools five times throughout the summer (July, early August, late
August, September, and October). Fish assemblages were sampled by back-pack
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electroshocking (Smith-Root Model 12-A, DC current) which is not more harmful
than other methods of sampling stream fishes (Barrett and Grossman 1988). I
reduced risk of injury to fishes by using settings that cause nearly 0% mortality

Figure 3.1. Map of 13 study sites surveyed from the Alum Fork of the Saline
River (central Arkansas) from July – October 2003.

(60 Hz, 6ms; Cooke et al. 1998). Each fish was identified, measured (mm), and
weighed (g), and returned to its home pool.
I recorded habitat variables before sampling began. Canopy cover was
estimated in July using a concave, spherical densiometer (Lemmon 1957).
Dissolved oxygen and specific conductivity were measured using a Yellow
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Springs Instrument Model 85 (YSI-85). Temperature was recorded every halfhour using a completely immersed HOBO watertemp-pro sensor. Chlorophyll a
and turbidity were measured with a handheld flurometer (Turner Designs) as the
average of three samples. The pH at each site was measured using a Model
IQ120 pH meter (IQ Scientific Instruments, Inc.). Pool volume was calculated as
the product of length of the pool, mean pool width (four transects), and mean pool
depth (n = 16, four per transect). Pool width and depth were recorded along four
equidistant transects each month. Depth was taken at four equidistant points
along each transect. I calculated means and coefficients of variation (CV) for
each habitat variable, and subjected them to a principle components analysis
which reduced habitat variation to three principle components (PCs). These
gradients were later used as orthogonal, independent effects in regression analyses
to explain variation in metrics describing assemblage variability (see below).

Local and Regional Species Richness
To investigate how species richness changed as pools dried, I used an analysis
of covariance (ANCOVA) to test for the homogeneity of slopes. Log richness
was the dependent variable, sampling period was the categorical effect, and log
pool volume was the covariate. I used the interaction term of sampling period and
pool volume to address the hypothesis that the change in species richness over
time would differ across pools. To explore changes in local richness, I used
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repeated measures analysis of variance (ANOVA). Because richness depends on
sample size (Gotelli and Graves 1996), I used both observed and rarefied
richness; the latter standardizes richness to a common abundance. Rarefaction
was performed using Ecosim (Version 7.0, Acquired Intelligence, Inc & KeseyBear; Gotelli and Entsminger 2001). All other analyses were performed with
SYSTAT (Version 10, SPSS Inc., Chicago, IL, 2000).

Local Changes in Assemblage Composition
I explored changes in assemblage composition at each site over time using
non-metric multi-dimensional scaling analysis (NMS) and followed the protocol
of McCune and Mefford (1999: 114). This analysis is well suited for assemblage
data and performs an iterative search to rank and place communities on k-axes in
a manner to minimize the stress of the k-dimensional configuration (McCune and
Mefford 1999; McCune and Grace 2002). Stress measures the departure from
monotonicity in the relationship between the distance in the p-dimensional matrix
(calculated using the original data matrix with p columns) from distance in the
reduced, k-dimensional configuration. To assess the significance of obtaining a
stress value less than or equal to the observed stress for each axis, I compared the
observed matrix to randomized data using Monte Carlo simulation (McCune and
Mefford 1999).

45
I used scatterplots of the NMS data to interpret changes in assemblage
structure over time. I quantified changes in assemblage structure by calculating
relative Euclidean distances for all pairwise comparisons at a site. I calculated
distances using two of k axes derived from the NMS. I chose these two axes
based on the graphical readability of the data, and the percentage of variance
explained by each axis. I used a time-lag regression analysis to determine if the
magnitude of assemblage variability (i.e., Euclidean distances; dependent
variable) differed across time (independent variable; Collins 2000; Eby et al.
2003). Time was calculated as the square-root of the time-lag between pairwise
sampling periods (Eby et al. 2003). Ordination analyses were performed with
PC-ORD (Version 4; McCune and Mefford 1999, MjM Software Design, USA).
I characterized assemblage variability with three metrics: immigration rates
(Ir), extinction rates (Er), and change in assemblage size (∆N). I calculated E and
I according to Taylor and Warren (2001). Immigration rates included only adults
greater than age 0. I identified age cohorts using length-frequency charts.
Briefly, I recorded a 1 for Ir when abundance increased from montht to montht+1,
and 0 otherwise. I recorded a 1 for Er when abundance at montht was greater than
0, but 0 for the next month, and 0 otherwise. I averaged 1’s and 0’s across species
for each pair of months. I calculated ∆N as the proportional change in species
abundance, averaged across species at a site from t to t + 1. This change in size
included fry (age 0) and was used to identify sites with high reproductive output.
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I averaged ∆N for each pair of months. I identified habitat gradients related to Ir,
Er, or ∆N by averaging bimonthly means at a site and treating them as separate
dependent variables in multiple regression models with PCs as independent
effects.
To determine if sites could be classified based by Ir, Er, and ∆N, I used a kmeans cluster analysis. Prior to analysis, I transformed my data using z-scores
(SYSTAT manual, Version 6.0 for Windows, SPSS Inc., Chicago, IL, 1996). I
used the bimonthly calculations for Ir, Er, and ∆N in the analysis and a variety of
ecologically relevant k-values. Ecological relevance was inferred from
Magoulick and Kobza (2003) who suggest intermittent landscapes are made up of
either sources and sinks, or sources, sinks, and metapopulations. I determined the
accuracy of the cluster groupings using a discriminant function analysis (DFA). I
used Ir, Er, and ∆N as variables to assess: 1) variables important for
distinguishing among clustered groups, and 2) classification error rate.
I also explored whether classification of a site to a particular clustered group
changed over time. To do this, I plotted canonical scores of the axes from the
DFA, and visualized how classification based on bimonthly averages changed
from the beginning to the end of summer for each site. Multiple regressions,
cluster analysis, and DFA were performed with SYSTAT (Version 10, SPSS Inc.,
Chicago, IL, 2000).
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Regional Patterns
I also investigated how drought influenced regional or landscape assemblage
patterns. To do this, I calculated nestedness for each sampling period with the
nested temperature calculator (Atmar and Patterson 1995; AICS Research,
University Park, NM, and the Field Museum, Chicago). The calculator measures
the heat or stochasticity within a regional matrix of species incidence values
among sites. Low temperatures indicate high nestedness. I tested the null
hypothesis that the observed temperature was not different than that expected
from a random distribution of species. In order to generate the expected
temperature, I used a Monte Carlo randomization that randomly permuted the
species-site matrix 10,000 times. I observed the trend in observed temperature
across sampling periods. Because matrices that lose fill over time exhibit higher
nestedness (Wright et al. 1997), I compared the standard deviation of the
observed value to the distribution of the random values. To do this, I plotted
standard deviation (σ) of the observed temperature from that expected for each
sampling period.
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RESULTS

Habitats
Habitat variation across the landscape was mainly explained by changes in
hydrology and water chemistry (PC 1), pool position in the watershed (PC 2), and
chlorophyll a (PC 3; Table 3.1). Many upstream pools were characterized by
high hydrological variation (Fig. 3.2), high canopy cover and low water
temperatures (PC 2; Table 3.1). Hydrological variation was mainly attributed to
decreases in pool size during summer (repeated measures ANOVA, F4,44 = 12.48;
P < 0.05), but also periodic spates. Changes in pool size differed in intensity
among sites (CV volume: mean = 0.59 ± 0.62 SD, range = 0.09–2.24), and small
pools did not necessarily dry faster than large ones (Table 3.1). With the
exception of pools that dried completely, or nearly so, water temperature
fluctuated the most in open-canopy, downstream pools (downstream: n = 4, avg.
CV = 0.11 ± 0.02 SD; upstream: n = 6, avg. CV = 0.07 ± 0.01 SD).
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Table 3.1. Principle components analysis (PCA) of habitat data collected from
sites in the Alum Fork of the Saline river (central Arkansas; July –
October, 2003). The first three axes explained 37%, 16%, and 14% of
habitat variance, respectively.
Variable
Volume variability

PC1
0.93

PC2
0.03

PC3
0.09

pH variability

0.88

0.31

-0.18

Depth variability

0.86

0.02

0.19

Dissolved oxygen variability

0.84

0.34

-0.34

Specific conductivity variability

0.83

0.31

-0.11

Dissolved oxygen

0.76

-0.06

0.36

Turbidity variability

0.68

0.01

0.48

pH

-0.67

-0.14

0.26

Turbidity

0.63

-0.51

0.40

Distance upstream

0.57

-0.68

0.22

Temperature

-0.55

0.60

0.21

Canopy cover

0.01

-0.90

0.02

Specific conductivity

0.15

0.52

0.35

Chlorophyll a

-0.22

-0.02

0.86

Temperature variability

0.09

0.46

0.68

Volume

-0.37

0.12

-0.12

Depth

-0.38

0.26

-0.21

0.24

0.23

0.41

Chlorophyll a variability
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Species Richness
A total of 2017 fishes were collected. The number increased over time ranging
from 332 in July to 485, in October. Twenty species were collected during the
study. The least number of species (15) were collected in late August. Species
number was similar across months (17, July; 18, August; 17, September; 19,
October). The most relatively abundant species were Campostoma anomalum
(central stoneroller), Lythurus umbratalis (redfin shiner), Etheostoma artesiae
(redspot darter), Lepomis megalotis (longear sunfish), L. cyanellus (green sunfish)
and Semotilus atromaculatus (creek chub). The relative abundance of C.
anomalum and L. umbratalis was 0.14 and 0.12 in July, respectively, but dropped
to less than 0.10 for the remaining months. Etheostoma artesiae also dropped in
relative abundance from July (30% of the sample) to the remaining months (14%–
19% of the sample). In contrast L. megalotis tended to show increases in relative
abundance over summer (10%–23% of the sample, July to October), while S.
atromaculatus steadily occupied 11–18% of the sample during summer.
Observed species richness increased with pool size (F1,46 = 46.08; P < 0.0001;
Fig. 3.3). As pools dried, species richness changed little, both regionally and
locally. Neither regional species richness (F4,46 = 1.26; P = 0.30), nor the slope of
the observed species-area relationship (F4,46 = 0.25; P = 0.91) differed across
sampling periods (Fig. 3.3). Local observed richness did not change over time, on
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average (F4,44 = 0.436; P = 0.78). Local, mean rarefied richness also did not
change significantly over time (F4,44 = 1.63; P = 0.18).

Assemblage Composition
Approximately 76% of the variance in assemblage structure over time was
explained by three axes produced by NMS with a final stress of 17.9.
Assemblage structure varied considerably over time at the majority of sites (Fig.
3.4). A few sites were similar across time (e.g., site 26), while the majority were
highly variable, either progressing toward a different assemblage structure, or
more often, reverting toward a former structure (Fig. 3.4). The first axis separated
North Alum assemblages dominated by Etheostoma artesiae and Semotilus
atromaculatus, from other fish assemblages (Table 3.2). The first and third axes
cumulatively explained 54% of the variance and were used to calculate pairwise
Euclidean distances for time-lag regression. There was no relationship between
assemblage change and time between surveys (r2 = 0.001, P = 0.82).
I interpreted 3 main groups of sites from the cluster analysis (Table 3.3). Sites
were classified as: sinks (∆N < 1.0, moderate to high Er, and low Ir), sources (∆N
> 1.0, low Er, and high Ir), and their intermediate, metapopulations (∆N > 1.0, low
Er, and moderate Ir). Approximately 91% of the sites were correctly identified
using ∆N , Er, and Ir as variables (DFA; Wilk’s lambda = 0.112; F6,58 = 18.9; P <
0.0001). Axis one had the highest eigenvalue (3.79), and ∆N explained most of
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the difference among site classifications (Table 3.4). Axis two had a lower
eigenvalue (0.68) and was mainly related to Er and ∆N. Through summer, six
(46%) sites exhibited increasing Er, and three (23%) became sinks.
Changes in Er, Ir, and ∆N were related to PC 1 (Table 3.5). Er increased (linear
regression, r2 = 0.47, P = 0.01), and Ir and ∆N decreased (I: r2 = 0.59, P = 0.002;
∆N: r2 = 0.28, P = 0.06) with increased pool drying (Fig. 3.5).

Regional Patterns
Increases in local extinction rates resulted in higher nestedness across the
landscape at the end of summer (Fig. 3.6). Although assemblages were
significantly nested each sampling period (P < 0.01, for all), temperature within
the matrix dropped consistently through summer. Decreases in observed
temperature were more significant from July to August, and from September to
October (Fig. 3.6B).
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Table 3.2. Pearson correlations between ordination axes and each
species collected from the Alum Fork of the Saline River (central
Arkansas, July – October, 2003). Ordination was a non-metric
multidimensional scaling analysis (see also Fig. 3.4). The percentage
of variance explained by each axis is 0.32, 0.22, and 0.22 for axes 1, 2,
and 3, respectively.
Species
Amerius natalis

Axis 1
0.027

Aphredoderus sayanus

0.086

-0.038

0.113

Campostoma anomalum

0.000

0.373

0.310

Esox americanus

0.341

0.042

-0.002

Etheostoma colletti

0.126

0.316

0.222

Erymizon oblongus

0.083

0.045

0.405

Etheostoma artesiae

-0.646

0.437

-0.398

Fundulus olivaceus

0.164

0.353

0.372

Lepomis cyanellus

0.208

0.593

0.244

Lepomis macrochirus

0.128

0.439

0.328

Lepomis megalotis

0.155

0.432

0.475

Labidesthes sicculus

0.084

0.280

0.213

Lythurus umbratalis

-0.034

0.157

0.324

Micropterus salmoides

-0.029

0.201

0.249

0.297

0.061

-0.270

-0.015

0.122

0.213

0.078

0.336

0.339

Noturus lachneri
Notropis ortenburgeri
Percina caprodes

Axis 2
0.226

Axis 3
0.195
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(Table 3.2, cont.)
Semotilus atromaculatus -0.635

0.380

-0.373

Pimephales notatus

0.009

-0.022

-0.033

Lepomis gulosus

0.051

0.220

0.148

Table 3.3. Mean and standard deviation (σ) of bimonthly estimates of
proportional changes in population size (∆N), extinction rates (Er), and
immigration rates (Ir) for 3 clusters of sites. Cluster analysis grouped
n sites based on ∆N, Er, and Ir calculated from fish collections made in
the Alum Fork of the Saline River (July – October, 2003).
Ir
∆N
Er
Cluster
n
Mean σ
Mean σ
Mean σ
1-sinks
13 0.48
0.54
0.65
0.27
0.25
0.23
2-sources

4

5.20

2.43

0.00

0.00

0.93

0.08

3-metapopulations 17

1.43

0.59

0.15

0.15

0.53

0.21

Table 3.4. Correlations of extinction rates (Er), immigration rates (Ir) and
proportional changes in population size (∆N) to axes 1 and 2 from a
discriminant functions analysis. Eigenvalues indicate axis strength.
Axis 1 Axis 2
∆N

0.61

0.77

Er

-0.46

0.86

Ir

0.43

-0.09

Eigenvalue

5.72

0.30
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Table 3.5. Multiple regression results exploring variation in assemblage
dynamics of stream fishes from intermittent streams of the Alum Fork
of the Saline River drainage (central Arkansas, July – October, 2003).
Assemblage dynamics were estimated by proportional change in
population size (∆N), extinction rate (E), and immigration rate (I).
They were calculated for each pair of months during the study period,
and averaged across summer and species at a site. Independent effects
were the first three principle components (PC’s) which described the
majority of habitat variation recorded from the pools. PC 1 represents
hydrological variation; PC 2 represents pool position in the watershed;
and PC 3 represents pools with high chlorophyll a content.
Dependent
∆N

I

E

r2
0.29

0.60

0.48

PC

β

P

1

-0.53

0.093

2

-0.10

0.740

3

-0.05

0.854

1

-0.77

0.005

2

-0.06

0.776

3

0.02

0.937

1

0.68

0.020

2

-0.02

0.935

3

-0.10

0.699

Downstream,
Low Canopy
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3

2

PC II

1

0

Upstream,
High Canopy

-1

-2

-3
-4

-2

Low Habitat Size
Variation

0

2

4

PC I

6

8

10

High Habitat Size
Variation

Figure 3.2. Principle components analysis on habitat data from the Alum
Fork of the Saline River (July – October, 2003). Principle
component (PC) 1 (hydrological variability) is plotted by PC
2 (pool position).
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1.2

Species Richness (Log10)

1.0

2

r = 0.38
P < 0.0001
Y = 0.29x + 0.33

0.8

0.6

0.4

0.2

July
Early August
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October

0.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Pool Volume (Log10)
Figure 3.3. Number of species of fish from pools in the Alum Fork of the
Saline River (July – October, 2003) increases with pool size. The
slope of the relationship between pool size and richness did not
significantly differ across sampling periods.
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Figure 3.4. Ordination from a non-metric multi-dimensional scaling (NMS)
analysis of fish assemblages from the Alum Fork of the Saline River
(July – October, 2003). Assemblage data were reduced to 3 axes.
Axes 1 and 3 (A), and axes 2 and 3 (B) were plotted. Each polygon
represents the assemblage variability for a site. Each vertex of the
polygon represents one collection during the summer. The line
represents a site where only two collections were made before the pool
dried. The point represents a site where only one collection was made
before the pool dried. Numbers refer to site number of Fig. 3.1.
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0.8

0.6

0.4

0.2
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0.0

A

r = 0.47
P = 0.02

B

r = 0.59
P < 0.01
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P = 0.06
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Figure 3.5. Relationships of hydrological variability to
extinction rates (A), immigration rates (B) and
proportional changes in assemblage size (C) of
fishes from the Alum Fork of the Saline River
(July – October, 2003). The variance explained
(r2) and the probability that the regression differs
from 0 (P) is given for each graph.
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34
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B
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Figure 3.6. Landscape patterns of nestedness for fishes changed
from July to October in the Alum Fork of the Saline
River (2003). Nestedness is estimated as a
temperature for each month (A), with smaller
temperatures indicating higher nestedness. Standard
deviation of the observed temperature from one
expected at random is plotted by month (B) and
suggests the significance of the temperature change
across time.
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DISCUSSION
The distribution and demography of species are influenced by ecological niche
constraints (Brown et al. 1995). In its basic form, the niche of aquatic organisms
is a three-dimensional waterbody with inherent physical and biotic properties.
Natural and seasonal variation in this fundamental niche can affect fish
populations through mortality (Grossman et al. 1998; Magoulick and Kobza
2003; Matthews and Marsh-Matthews 2003) and recruitment (Strange et al.
1992). My data showed that seasonal dry-down of intermittent streams did not
reduce species richness, on average (locally or regionally), but greatly affected
assemblage dynamics.
It is not surprising that neither species richness, nor the slope of the speciesarea relationship significantly changed across sampling dates as pools dried.
Many of the pools sampled in this study held some water throughout summer, and
the ability of fishes to acclimatize to and tolerate harsh water conditions such as
hypoxia and hyperthermia is well-known (Vinson and Levesque 1994; Labbe and
Fausch 2000; Love and Rees 2001). The lack of species decline might also be
related to differences in shocking ability as pools dried. More individuals, and
hence more species may have been collected at the end of summer when pools
were smaller because the smaller pools were more effectively shocked. By using
rarefaction, I standardized species richness for sample size. Neither rarefied nor
observed species richness declined during summer, on average. However, in
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some cases, all species went locally extinct when pools completely dried. This
was relatively rare and insufficient to contribute to a significant decline in species
number at all sites, or across the region. Even though local extinctions occurred
from month to month at the majority of pools, these were likely offset by
immigration of different species, resulting in a relatively similar number of
species across time.
Population declines and extinction rates were related to hydrological variability
and pool drying. Extinction rates were also highest in small pools (JWL; unpubl.
data) which is consistent with theory and empirical research (MacArthur and
Wilson 1967; Gotelli and Taylor 1999; Taylor and Warren 2001). Site-specific
differences in pool drying and pool size may have resulted in three types of
seasonally isolated sites, such as sources, sinks, and metapopulations (Magoulick
and Kobza 2003). The designations of source and sink reflect the ability of a
species to reproduce in a habitat, which I did not specifically investigate.
Therefore, it may be more appropriate to designate sites as superrefugia, refugia,
and ecological traps.
Sources or superrefugia were large and deep, pools exhibiting little
hydrological variation. These pools were characterized by high rates of
reproduction and immigration, and low rates of extinction. Fry of most species
were generally found in large, hydrologically stable pools, and adult immigrants
possibly came from poor-quality pools (Shaeffer 2001; Magoulick and Kobza
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2003). Although also found in upstream reaches, hydrologically stable pools
were more common downstream, and may be important for recolonization of
upstream tributaries (Lienesch et al. 2000). Later in summer, population size in
these sites began to decline, however, as drought continued and pool drying
intensified.
Species inhabiting pools with moderate hydrological variation were considered
part of a metapopulation, or a series of pools connected to other pools with
populations that are interconnected by dispersal and subject to local extinction.
These sites were refugia and occupied the majority of sites across the watershed.
Metapopulation dynamics traditionally describe a series of subpopulations
connected by dispersal and subject to local extinction (Levins 1969; Hanski
1998). Immigration and extinction events influence populations of multiple
species in intermittent streams (Gagen et al. 1998; Taylor and Warren 2001; this
study), and may possibly give rise to metacommunity dynamics.
Sinks or ecological traps were small or shallow pools exhibiting high
hydrological variation and characterized by high rates of extinction, low rates of
immigration, and declining population size. These sites usually dried completely,
or nearly-so. Traditionally, sinks are sustained by active immigration from
sources (Pulliam 1996). In our study, however, immigration across drying riffles
is moderately restricted during summer until flow resumes in late fall.
Consequently, it may be better to think of these sites as ecological traps (Donovan
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and Thompson 2001), if individuals are selecting these low quality pools over
more persistent pools. Alternatively, the selection of pools may be random
leading to a lottery driven system of population dynamics. In order to
discriminate among these hypotheses, more data on colonization of these pools
following seasonal drought is necessary.
As local extinctions and population declines increased through summer,
landscape level changes occurred. Landscape or regional patterns are known to
be influenced by processes such as hydrological variability (Poff and Allan 1995)
and source-sink dynamics (Dunning et al. 1992). I likewise suggest that local
processes occurring within intermittent streams influence regional distribution
patterns for species of fishes.
Local processes described by source-sink-metapopulation (Magoulick and
Kobza 2003) or ecological trap (Donovan and Thompson 2001) models may best
depict assemblage dynamics of fishes in intermittent systems. In fact, sourcesink-metapopulation models have been used to explain regional population
structure of imperiled fishes from the Arkansas River basin (Luttrell et al. 1999).
My data highlight the need to frame future ecological questions of intermittent
systems in the context of such models.
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CHAPTER IV
GENETIC CONSEQUENCES OF STREAM DRY-DOWN FOR FISHES
INHABITING INTERMITTENT LANDSCAPES
ABSTRACT
I explored the population genetics of five common, stream fishes (Lepomis
megalotis, Etheostoma artesiae, Fundulus olivaceus, Campostoma anomalum,
and Aphredoderus sayanus) inhabiting seasonally intermittent streams in the
Middle and Alum Forks of the Saline River in central Arkansas, U.S.A.. This
intermittent landscape changes dramatically as riffles dry, resulting in more
isolated pool assemblages that are characterized by consistent population declines
and local extinctions. Moreover, these isolated assemblages were grouped into
regions by a second level of fragmentation consisting of two large, instream
barriers to dispersal. Results from data utilizing the control region of the
mitochondrial DNA indicated that subpopulations generally had significant, but
low levels of genetic differentiation (Fst < 0.10). Genetic differentiation was not
predicted by geographic distance between localities. Analysis of molecular
variance (AMOVA) showed that differentiation occurred among subpopulations,
but not among regions. Results of the AMOVA were supported by those from
Bayesian analyses. Population structure was influenced by local extinction and
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recent bottlenecks at localities. Skyline plots showed an apparent, recent decline
in population size of females for all species. My data suggest surprisingly similar,
genetic consequences of seasonal drought on fishes inhabiting intermittent
landscapes.

INTRODUCTION
The environmentally-related, extinction and colonization events of intermittent
streams (Taylor and Warren 2001) may affect the population genetic structure of
fishes (Giles and Goudet 1997; Pannell and Charlesworth 1999; Faber and White
2000; McElroy et al. 2003). Because dispersal ability is known to affect gene
flow (Zimmerman 1987; Waples 1987; Turner et al. 1996), I explored the
population genetics of five fishes that differ in dispersal ability (Taylor and
Warren 2001), and hypothesized that population structure would differ markedly
across species.
Subpopulations sampled in this study were imposed by two levels of
fragmentation: local and regional. Regional, in-stream barriers, such as dams,
notably impede gene flow (McGlashan and Hughes 2000; Meffe and Vrijenhoek
1988). In this study, regional in-stream barriers included a natural ponded reach
of the stream and an artificial reservoir (Lake Winona) that is 65 years old. Large
reservoirs may be effective barriers to dispersal (Luttrell et al. 1999), and Winona
dam which created Lake Winona is an unequivocal barrier to dispersal. Local
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barriers to dispersal develop in intermittent streams when riffles and pools dry
(Taylor and Warren 2001), thereby isolating assemblages seasonally. I sampled
subpopulations from large, isolated pools at the end of summer. When isolated
pools dry, individuals are likely to die, possibly leading to local extinction of
haplotypes. Thus, extinction events may influence the distribution of haplotypes
across the watershed, and/or demographic histories of species via bottlenecks
(Rutledge et al. 1990). Bottlenecks are reductions in population size that can
cause a loss of heterozygosity or genetic diversity.
For each species, I investigated: 1) haplotype diversity and population
differentiation; 2) geographic partitioning of genetic variance to local and regional
effects; and finally, 3) demographic history of populations as inferred from
molecular markers.

SPECIES
I sampled populations of Lepomis megalotis (longear sunfish), Fundulus
olivaceus (blackspotted topminnow), Etheostoma artesiae (redspot darter),
Campostoma anomalum (central stoneroller), and Aphredoderus sayanus (pirate
perch). Using mark-recapture data, Smithson and Johnston (1999) found that
sunfish (Lepomis) are highly restricted to home pools, whereas topminnows
(Fundulus) are more mobile. Similar to sunfishes, A. sayanus build nests
(Tiemann 2004) and may be more territorial. Taylor and Warren (2001) reported
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moderate to high immigration or recolonization rates for some sunfish (L.
megalotis), some darters (E. artesiae), and C. anomalum. Immigration rates were
somewhat lower for F. olivaceus and A. sayanus, and are apparently related to the
size of subpopulations in nearby pools (Taylor and Warren 2001). Thus, I
surveyed species representing a wide-range of life history strategies and dispersal
abilities.

METHODS

General
Sampled pools formed a hierarchy regarding isolation (Fig. 4.1), and were
referenced using a global positioning system (GPS) receiver (Magellan Model
315). A total of six localities were sampled during the peak of stream dry-down
in September (2001 and 2002). I sampled fishes with a backpack electroshocker
and preserved them in 95% ethanol. Coordinates were entered into a spatial
database created using data provided by the U.S.D.A. Forest Service and GIS
Data Depot (www.gisdatadepot.com). Distance among localities was estimated
with ArcView (Version 3.2, Environmental Systems Research Institute, Inc.,
1999).
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Figure 4.1. Map of sampled localities from the Ouachita highlands of
central Arkansas (inset)(September 2001 and 2002). A natural
ponded reach and a large, artificial reservoir (Lake Winona),
both 65 years old, separated regions of the stream. Localities
from Middle Fork were 96 km (stream distance) from MA.
Abbreviations are: NA (North Alum), SA (South Alum), BC
(Bread Creek), MA (main stem of the Alum Fork), MF1
(Middle Fork, locality 1), and MF2 (Middle Fork, locality 2).

75

DNA Isolation and Amplification
I removed the liver from individuals and extracted DNA using Quiagen tissue
extraction kits for animal tissues (DNeasy Tissue kits; Quiagen Inc., USA).
Samples were stored at –20 ºC until products were amplified. I used published or
recommended primers (Kocher et al. 1989; Appendix A) to isolate the control
region of the mitochondrial DNA. The control region is particularly suited for
intraspecific studies because of its high rate of neutral mutation (Lee et al. 1995;
Faber and Stepien 1997).
I initially used 50 µL of PCR master mix to amplify 2 µL of DNA, and then
switched to 30 µL reactions. The mastermix in each microtube consisted of
ddH2O, 25 mM MgCl2 buffer, 10XPCR Mg free buffer, 2.5 mM dNTP, 1 mM of
each primer, 0.01 mM Dimethylsulfoxide (DMSO), and 5 units of Taq
polymerase. PCR products were obtained from 40 cycles of thermal cycling at 1
min 96°C, 2 min at 45–48°C, and 2 min at 70°C. PCR products were quantified
using a 2% agarose gel and sizing standard (Invitrogen, 50µg 100 bp DNA
ladder); products were approximately 500 bp.
Samples with product were applied to a standard 6% acrylamide gel and
analyzed with temporal temperature gradient electrophoresis (TTGE; Bio-Rad Dcode Universal Mutation Detection System) which can detect base pair
differences among samples (Bio-Rad laboratories; Gaffney et al., technical
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report). The denaturing environment separates base pairs and is created with a
ramping temperature range. Partial melting of the DNA occurs at different
temperatures throughout the ramping range producing a banding pattern exclusive
to the individual. Differences in banding patterns among individuals indicated
different haplotypes. For all species, I found that a ramp rate of 1.5°C and a
temperature range of 44–54°C was sufficient for detecting differences among
samples. A temperature range of 44–54°C was estimated using WinMelt for
WINDOWS (ver. 2.01, BioRad Laboratories, 1998). With each gel, I ran a
positive control marker (Invitrogen, 50µg 100 bp DNA ladder). The gel was then
stained in aqueous Ethidium Bromide for 10 min, destained in dH20 for at least
30 min, and photographed with a Kodak 1D limited edition photo-shop hood and
camera.

Sequencing Reactions
PCR products from unique haplotypes were purified using Qiagen’s QIAquick
PCR purification kit (Quiagen Inc., USA). I used Beckman Coulter’s quick start
kit (Beckman Coulter, Inc. USA) to sequence products on Beckman Coulter’s dye
terminator cycle sequencing, CEQ 2000. Cycle sequencing was usually done in
both 3’ and 5’ directions using primers listed in Table 4.1. I aligned sequences
using CLUSTAL X (Thompson et al. 1997) and adjusted them by eye with
complete gap deletion. See Appendix A for sequence alignment.
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Statistical Analyses

General
Estimates of the number of polymorphic or segregating sites (s), the mutation
parameter (θ), and nucleotide diversity (π) were obtained for each species using
DnaSP (Version 4.00, Universitat de Barcelona; Rozas et al. 2003). A
segregating site is any nucleotide site represented by more than one nucleotide for
at least two sequences. Proportion of segregating sites (ps) was calculated by
dividing s by total number of nucleotide sites (Nei and Kumar 2000). The θ was
calculated from s and is the product of the effective population size and the
mutation rate per nucleotide site, per generation (Nei 1987; Tajima 1993).
Variance of θ was estimated assuming no recombination (Tajima 1993).
Nucelotide diversity is the probability that two randomly chosen, homologous
nucelotides are different (Nei and Li 1979). The s and π were also calculated for
each population.
Additionally, haplotype diversity (H) was calculated for each locality for each
species using ARLEQUIN (Version 2.0, University of Geneva, Switzerland;
Schneider et al. 2000). Haplotype diversity is the probability that two, randomly
drawn haplotypes are different (Nei 1987).
To explore geographic partitioning of genetic diversity and variance (see
below), subpopulations were grouped into three hierarchies: 1) no group of
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subpopulations, or no hierarchy; 2) two groups of subpopulations (Middle Fork
and Alum Fork, separated by Lake Winona); and 3) three groups of
subpopulations (Middle Fork, and above and below the natural pond in Alum
Fork).
I compared haplotype richness for each of these hierarchies using rarefaction
curves (Sanders 1968; Gotelli and Graves 1996). Rarefaction is a method of
interpolating diversity for any pre-specified number of individuals using species
accumulation curves. Rarefaction was performed with Ecosim (Version 7.19,
Acquired Intelligence, Inc., Kesey-Bear; Gotelli and Entsminger 2001). The
computer algorithm draws 1000 random samples of this specified number of
individuals, and calculates mean and variance of each diversity measure. I
compared the overlap of confidence intervals on the rarefaction curves at common
abundances within each hierarchy to estimate significant differences of haplotype
richness for each species. I also compared haplotype richness and evenness that
were rarefied to a common abundance across sites, for each species. Evenness
was calculated as Hurlbert’s (1971) probability of interspecific encounter (PIE).
The probability of population differentiation with no hierarchy was tested
without assuming Hardy-Weinberg equilibrium. The observed distribution of
haplotypes was compared to that expected from a random distribution of
haplotypes using a Monte Carlo permutation procedure (n = 10,000). These tests
were performed with F-STAT (Version 2.9.3.2, Institute of Ecology, UNIL,
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Lausanne, Switzerland; Goudet 2001). I also tested for a random distribution of
haplotypes among all subpopulations, and for each hierarchy using exact tests
described by Raymond and Rousset (1995) using ARLEQUIN (Version 2.0).
This method uses an r x k table of haplotype frequencies and is similar to that of
Fisher’s 2 x 2 contingency table. It compares the observed table to that obtained
under a null model of panmixia using a Markovian chain procedure (n = 20,000).

Geographic Partitioning of Genetic Variance
Genetic variance was partitioned to local and regional effects using haplotype
frequency and sequence data for each of the hierarchies outlined above. I
subjected haplotype frequency data to genetic data analysis (GDA; Version 1.0,
Lewis and Zaykin 2001) to partition genetic variance to local (θS) and regional
(θP) components following Wright (1951, 1965). The variance (σ2) associated
with each of these estimates was also calculated.
I used analysis of molecular variance (AMOVA) to analyze sequence data.
AMOVA accounts for mutational rate bias of the gene using a nucleotide
substitution model, and rate heterogeneity across sites within the gene, which
follows a gamma distribution. Tamura and Nei’s (1993) model with gamma is a
particularly appropriate nucleotide substitution model for the control region of the
mitochondrial DNA (Nei and Kumar 2000). Gamma was estimated using
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GAMMA (Institute of Molecular Evolutionary Genetics, Pennsylvania State
University; Gu and Zhang 1997).
AMOVA is similar to a nested analysis of variance which allows for
hypothesis tests of between-group and within-group differences at all hierarchical
levels (Excoffier et al. 1992). For each hierarchy, values analogous to Wright’s
(1951, 1965) F-statistic were computed: among pre-specified hierarchical groups
(ΦCT), among subpopulations within pre-specified hierarchical groups (ΦSC) and
among subpopulations across the whole study area (ΦST). When there was no
hierarchy, only ΦST was calculated. The significance of the Φ-statistics being
non-random and different from 0 was tested using a nonparametric permutation
procedure (10000 permutations; Excoffier et al. 1992). The null hypotheses were:
for Φst, haplotypes were permuted among localities, among regions; for Φsc,
haplotypes were permuted among localities within regions; and for Φct,
subpopulations were permuted among regions.
I tested for isolation-by-distance in order to determine if the most
geographically distant localities were also the most genetically distant.
Geographic distance was estimated using ArcView (see above). I explored the
relationship between pairwise geographic distances and Wright’s (1951, 1965) Fst
values using a Mantel test (10000 permutations). AMOVA and isolation-bydistance tests were performed using ARLEQUIN (Version 2.0).
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Defining spatial structure of localities or subpopulations a priori may not be
warranted in some cases (Manel et al. 2003). I subjected haplotype frequency
data to Bayesian methods which infer population structure based upon likelihoods
of shared gene frequencies. Briefly, Bayes theorem is used to estimate a posterior
distribution. This distribution is the product of the prior distribution of haplotypes
and the likelihood of obtaining the data set given estimates of model parameters.
The posterior distribution was used to determine a posterior probability (Ppos).
For Bayesian analyses, I used BAPS (Version 2.0; Rolf Nevanlinna Institute,
University of Helsinki; Corander et al. 2003).

Demographic History
I tested for recent bottlenecks over the entire region, for populations in Alum
and Middle Forks, and populations at each site. Bottlenecks were detected using
graphical methods of Luikart et al. (1998). I plotted the number of alleles that fell
within any of 10 frequency classes (Luikart et al. 1998). For a population which
has not undergone a bottleneck, the expected number of alleles should decline
with increasing frequency class following a log-normal distribution (i.e., more,
rare alleles and few, common alleles). Although Luikart et al. (1998) suggested
that at least five loci should be used for detecting bottlenecks, the high variability
of the control region (Lee et al. 1995; Faber and Stepien 1997) may make it a
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better indicator of a bottleneck than measures of heterozygosity (Nei et al. 1975;
Maruyama and Fuerst 1985; sensu Rooney et al. 1999).
To further explore the loss of rare haplotypes from subpopulations, I used the
nested calculator of Atmar and Patterson (1995; AICS Research, University Park,
NM, and the Field Museum, Chicago). Perfect nestedness describes a landscape
wherein smaller assemblages of species are perfect subsets of larger assemblages
(Atmar and Patterson 1993; Kodric-Brown and Brown 1993; Taylor 1997; Wright
et al. 1997). Nestedness is measured as the degree of unexpected presences or
absences in the matrix. Unexpectedness is defined using an occurrence or
extinction boundary which represents the hypothetical minimum population sizes
of species. A pattern of species nestedness can be related to habitat nestedness,
colonization patterns, or extinction (Wright et al. 1997). For this study, I replaced
species with haplotypes in a presence-absence matrix to estimate the degree of
nestedness among haplotypes. It is unlikely that a significantly nested pattern of
haplotypes for a neutrally evolving gene is related to nested habitat types or
dispersal ability. The distribution of haplotypes of a neutral gene cannot be
related to an organism’s habitat preference, nor to its colonization success,
because different haplotypes arise only from neutral or random mutations
(Kimura 1983). Moreover, Wright et al. (1997) showed that nested subset
formation was better related to extinction than to colonization. Thus, if a
significantly nested pattern is found, it should result from the loss of rare
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haplotypes at a given locality. Observed nested temperature (Tobs) was estimated
from a presence-absence, haplotype by site matrix. The matrix was randomly
permuted (n = 10,000) to generate a mean temperature expected by chance (Texp),
a standard deviation of the observed mean from that expected (σ), and a
probability value expressing the significance of obtaining the observed value at
random (P).
I estimated demographic histories using coalescence theory (Strimmer and
Pybus 2001). I first recovered rooted gene trees with branch lengths that were
proportional to time using maximum likelihood methods and DNAML (in
PHYLIP, Version 3.57, University of Washington; Felsenstein 1995). I chose
roots that were congeners or recent relatives to each of the five species (Appendix
B). Sequence data for the roots were obtained from GenBank and re-aligned to
haplotype sequences using Clustal X. To generate the most likely tree, I used a
random, sequence input order, 10 jumbles of the data, and a global rearrangement of branches. I then removed the root and established a new root
using the most basal haplotype. I input this tree and its branch lengths into
DNAMLK (in PHYLIP, Version 3.57) to recover gene trees without assuming a
molecular clock. This tree was used to infer demographic histories and generate
skyline plots using GENIE (Version 3.0, University of Oxford, Oxford, United
Kingdom; Pybus and Rambaut 2002).
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I tested genealogies against seven demographic models, but the stepwise and
piecewise logistic regression models were unable to produce a fit to the data. Of
the remaining five, I determined the fit of the model, given its parameters, to the
observed data using maximum likelihood methods. For each model, I computed
log likelihood and Aikike’s Information Criterion (AICc). I compared AICc
values across models to objectively determine which model fit the data the best
(i.e., had the lowest AICc value). Parameter estimates and their confidence
intervals for each model were generated using maximum likelihood and the
optimization algorithm. I used the differential evolution algorithm because it is a
genetic algorithm and is “very reliable” (Pybus and Rambaut 2002). I then
generated both classic and generalized skyline plots. These plotted effective
population size for females (N(t)) versus time. Generalized skyline plots are
especially useful when branch lengths are zero, or close to zero, and data are not
highly variable (Strimmer and Pybus 2001). Both were used to infer demographic
histories.

RESULTS

General
The most collected species was L. megalotis (n = 98), and the least collected
was E. artesiae (n = 34). Across species, haplotype number ranged from 9–11
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and the size of the sequence analyzed for each haplotype ranged from 131–185 bp
(Table 4.1). The θ and ps were similar among species (Table 4.1). Nucelotide
diversity was slightly higher in Middle Fork sites for most species (Table 4.2).

Table 4.1. General information for five species collected from the Alum and
Middle Forks of the Saline River (September 2001 and 2002). The
number of individuals (n), localities (L), haplotypes (H), base pairs
analyzed (bp), segregating sites (s), and the proportion of segregating
sites (ps) for the whole population are given for each species. The
correction factor for rate heterogeneity among sites (γ) was used for
AMOVA. Mutation parameter (θ) and nucleotide diversity (π) are
also provided, with standard error in parentheses.
γ

ps

π

n

L H

bp

A. sayanus

71

5

9

161 1.22 93

0.58 0.21 (0.09) 0.22 (0.02)

F. olivaceus

72

6 10

168 0.72 77

0.46 0.17 (0.07) 0.17 (0.05)

E. artesiae

34

3 10

133 1.60 73

0.55 0.20 (0.09) 0.18 (0.04)

L. megalotis

98

6

9

185 1.65 85

0.46 0.17 (0.07) 0.19 (0.03)

4 11

131 1.89 78

0.60 0.20 (0.08) 0.22 (0.02)

C. anomalum 90

s

θ

Species

Average haplotype richness across species was higher in Middle Fork than
Alum Fork (ANOVA, F1,8 = 4.87; P = 0.05; see also Fig. 4.2). However,
Campostoma anomalum and L. megalotis showed no differences in richness
between these two regions (Fig 4.2). Within the Alum Fork localities, haplotype
richness was particularly low at localities below the natural pond for A. sayanus
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and F. olivaceus (Fig. 4.3), which may be related to particularly low richness at
Bread Creek (Table 4.3). Within the Middle Fork localities, neither richness nor
evenness differed between MF1 and MF2 (Table 4.4), except for L. megalotis
when diversity was higher in MF1.
For most species, populations exhibited significant differentiation using both
haplotype and sequence data (P < 0.05); however, the overall level of
differentiation was low (Fst < 0.10; Tables 4.5, 4.6). Subpopulations exhibited
differentiation when grouped by two regions for A. sayanus (Table 4.6), and
marginally so for F. olivaceus (P ≤ 0.10). Populations of E. artesiae and C.
anomalum were never differentiated (P > 0.30).

Geographic Partitioning of Genetic Variance
Regional effects did not explain population differentiation (Tables 4.5, 4.6).
Regional θ and Φ-statistics were zero or negative when comparing groups of
subpopulations for two-group and three-group hierarchies, in most cases (Tables
4.5, 4.6). Local θ and Φ-statistics were significantly greater than zero for L.
megalotis, F. olivaceus and A. sayanus (Table 4.6). For these species, from 3–5%
of the genetic variance was partitioned among localities while assuming no
regional structure. When assuming either hierarchy two or three, 5–9% of the
genetic variance could be partitioned to among localities within groups. Genetic
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differentiation among localities could not be explained by pairwise, geographic
distances among subpopulations for any species (Table 4.7).
Using Bayesian analyses, I found that L. megalotis, A. sayanus, and F.
olivaceus exhibited population differentiation, which was not related to my
regional definitions (Table 4.8). There was an 80% chance that the South Alum
subpopulation of F. olivaceus was differentiated from the others. For A. sayanus,
two scenarios of population structure were equally probable (Ppos ~ 0.30), each
differing only in the placement of the Bread Creek subpopulation (Table 4.8).
None-the-less, they showed two clear groups of subpopulations. For L. megalotis,
the most probable population structure included three subpopulations, with the
Bread Creek site always different than the others (Table 4.8). For E. artesiae or
C. anomalum, there was greater than a 60% chance that populations were not
differentiated.

Demographic History
Regional bottlenecks were not apparent for any species (Fig. 4.4). When
scaling down to each site, there was evidence of recent bottlenecks in at least one
site for most species (Figs. 4.5–4.9), but never for C. anomalum. Interestingly,
‘bottleneck’ localities usually occurred in the Alum Fork (Fig. 4.5), especially
within Bread Creek (for L. megalotis, E. artesiae, and A. sayanus). Localities in
the Middle Fork of the Saline River rarely showed a pattern suggestive of
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bottlenecks, except at MF2 for L. megalotis and E. artesiae. Haplotypes were
significantly nested for L. megalotis and A. sayanus (P < 0.05), probably resulting
from extinction of rare haplotypes. Haplotypes were not significantly nested for
F. olivaceus, C. anomalum, or E. artesiae (P > 0.25; Table 4.9).
Whether using classic or generalized skyline plots, all species exhibited recent
reductions in effective population size (Fig. 4.10). Such declines may be
indicative of recent bottlenecks. Despite these declines, the constant model of
population growth fit the observed data the best for most species (Table 4.10),
given parameters listed in Table 4.11. The expansion model of population growth
best fit data for L. megalotis and F. olivaceus (Tables 4.10, 4.11), and classic
skyline plots showed a period of population growth prior to the recent reduction
in size (Fig. 4.10).
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Table 4.2. Sample size (N), haplotype number (H), and number of segregating
sites (s) for each site and species collected within the Alum and
Middle Forks of the Saline River drainage (central Arkansas;
September 2001–2002). Haplotype diversity (H) and nucleotide
diversity (π) are given with standard error (SE). Sites are: NA (North
Alum), SA (South Alum), BC (Bread Creek), MA (main stem of the
Alum Fork), MF1 (Middle Fork site 1), and MF2 (Middle Fork site 2).
Species
A. sayanus

F. olivaceus

E. artesiae

Site N
NA 12

H s
4 55

H (SE)
0.68 (0.10)

π (SE)
0.24 (0.04)

SA

22

7 78

0.81 (0.06)

0.22 (0.02)

BC

13

3 55

0.50 (0.14)

0.22 (0.06)

MF1 16

5 70

0.73 (0.10)

0.22 (0.03)

MF2

8

5 75

0.86 (0.11)

0.25 (0.03)

NA 19

5 58

0.59 (0.12)

0.17 (0.05)

SA

11

6 75

0.85 (0.09)

0.20 (0.05)

BC

12

5 58

0.67 (0.14)

0.17 (0.05)

MA 18

5 58

0.83 (0.04)

0.17 (0.05)

MF1

4

3 36

0.67 (0.31)

0.21 (0.10)

MF2

9

5 48

0.86 (0.09)

0.12 (0.05)

NA

7

4 50

0.75 (0.11)

0.20 (0.06)

SA

5

3

5

0.70 (0.22)

0.03 (0.01)

BC

4

2

3

0.50 (0.27)

0.02 (0.01)

MA

2

2 17

1.00 (0.50)

0.02 (0.01)

MF1 12

6 68

0.86 (0.07)

0.22 (0.05)
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MF2

4 3

0.80 (0.16)

0.02 (0.01)

NA 20

6 74

0.77 (0.06)

0.17 (0.05)

SA

14

7 81

0.89 (0.05)

0.19 (0.04)

BC

13

3 53

0.60 (0.09)

0.19 (0.09)

MA 19

6 78

0.82 (0.05)

0.21 (0.04)

MF1 22

6 81

0.77 (0.06)

0.21 (0.04)

MF2 10

2 50

0.47 (0.13)

0.27 (0.14)

C. anomalum NA 25

6 58

0.53 (0.11)

0.21 (0.03)

13

6 56

0.64 (0.15)

0.20 (0.03)

MA 13

7 70

0.62 (0.12)

0.23 (0.02)

MF1 31

6 60

0.45 (0.11)

0.22 (0.03)

L. megalotis

BC

5
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Table 4.3. Rarefied, haplotype richness and evenness for five species of stream
fishes that occur within the Alum Fork of the Saline River drainage
(central Arkansas; September 2001 and 2002). Evenness is the
probability of drawing two different haplotypes. Rarefaction was
performed to a common abundance across localities for each species,
and compared across localities using 95% confidence intervals (CI95).
Site abbreviations are: NA (North Alum), SA (South Alum), BC
(Bread Creek), and MA (main stem of the Alum Fork).
Species
Site
Richness CI95
Evenness CI95
A. sayanus

F. olivaceus

E. artesiae

L. megalotis

C. anomalum

NA

4.00

4.00

0.68

0.68, 0.68

SA

5.45

3.76, 7.14

0.81

0.70, 0.91

BC

2.93

2.46, 3.41

0.50

0.41, 0.59

NA

3.95

2.48, 5.42

0.59

0.38, 0.81

SA

6.00

6.00

0.85

0.85, 0.85

BC

4.75

3.90, 5.60

0.67

0.57, 0.76

MA

4.81

4.01, 5.60

0.83

0.77, 0.89

NA

2.76

1.48, 4.03

0.76

0.43, 1.08

BC

2.00

2.00

1.00

1.00, 1.00

NA

5.08

3.65, 6.51

0.77

0.68, 0.86

SA

6.80

6.00, 7.60

0.89

0.87, 0.91

BC

3.00

3.00

0.60

0.60, 0.60

MA

5.33

4.08, 6.58

0.82

0.75, 0.88

NA

4.24

2.40, 6.07

0.53

0.30, 0.77

BC

6.00

6.00

0.64

0.64, 0.64

MA

5.22

3.40, 7.04

0.62

0.41, 0.83
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Table 4.4. Rarefied, haplotype richness and evenness for five species of stream
fishes that occur within the Middle Fork of the Saline River drainage
(central Arkansas; September 2001 and 2002). Evenness is the
probability of drawing two different haplotypes. Rarefaction was
performed to a common abundance across localities for each species,
and compared across localities using 95% confidence intervals (CI95).
Site abbreviations are: MF1 (Middle Fork, locality 1) and MF2
(Middle Fork, locality 2). Results for C. anomalum were not included
in this table because it was not collected at MF2 (refer to Fig. 4.2).
Species

Site

Richness

CI95

Evenness

CI95

A. sayanus

MF1

3.92

2.52, 5.33

0.72

0.50, 0.94

MF2

5.00

0.85

MF1

3.00

0.83

MF2

3.23

2.03, 4.43

0.87

0.63, 1.10

MF1

4.29

2.86, 5.73

0.87

0.71, 1.02

MF2

4.00

MF1

4.78

MF2

2.00

F. olivaceus

E. artesiae

L. megalotis

0.87
3.29, 6.26

0.79
0.47

0.63, 0.94
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Table 4.5. Hierarchical analysis of genetic differentiation for five species from
the Alum and Middle Forks of the Saline River (central Arkansas;
September 2001 and 2002). Three hierarchies were tested: all
subpopulations, or no hierarchy; two groups of subpopulations
(Middle Fork and Alum Fork, separated by Lake Winona); and three
groups of subpopulations (Middle Fork, and above and below a natural
pond in Alum Fork). Significant differentiation among all
subpopulations (θst) was tested using exact tests, and is noted with an
asterisk (P < 0.05). In a hierarchical analysis, genetic variance was
partitioned among groups of subpopulations (θp) and among
subpopulations (θs), with estimates of variance for θp (σp2), θs (σs2),
and within the whole population (σ2within).
Species

Pops

θst

σ2

A. sayanus

All

0.04*

0.03

2-grps
F. olivaceus

All

θp

θs

σs2

σ2within
0.72

<0
0.06*

σp2

<0

0.01

0.04

0.04

0.72
0.72

2-grps

0.14

0.06

0.07

0.06

0.72

3-grps

0.00

0.07

<0

<0

0.72

E. artesiae

All

0.05

0.04

0.81

L. megalotis

All

0.05*** 0.04

0.75

2-grps

0.00

0.04

<0

<0

0.75

3-grps

0.00

0.04

<0

<0

0.75

C. anomalum All

<0

<0

0.54
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Table 4.6. Hierarchical AMOVA results for five species from the Alum and
Middle Forks of the Saline River (central Arkansas; September 2001
and 2002). Genetic variance was partitioned among groups (Φct),
among subpopulations within groups (Φsc), and among all
subpopulations within the population (Φst). Φ-statistics significantly
larger than zero are labeled S. Three hierarchies (listed below species)
were tested: all subpopulations (All), two groups of subpopulations (2grps; Middle Fork and Alum Fork, separated by Lake Winona), and
three groups of subpopulations (3-grps; Middle Fork, and above and
below a natural pond in Alum Fork). Significant differentiation
among all subpopulations, and among subpopulations for each
hierarchy is noted with asterisks (P < 0.05). Degrees of freedom (df),
sum of squares (SS), and percent variation (%) explained by each
factor are given. Because of low sampling size for E. artesiae,
hierarchical AMOVA could not be performed.

Species

Among groups
df SS %
Φct

Subpopulations
within regions
df SS %
Φsc

All subpopulations
df
SS %
Φst

A. sayanus
All

4 2.4

4.9

2-grps* 1 0.3

<0

<0

3 2.1

3-grps

<0

<0

2 1.6

2 0.8

66

23.0

95.8

0.05

7.2

0.09 66

23.0

96.7

0.03S

9.9

0.09 66

23.0

96.3

0.04

66

24.4 100.2

0.03

F. olivaceus
All

5 2.6

3.2

2-grps

1 0.1

<0

<0

4 2.4

5.3

0.05S 66

24.4 100.2

<0

3-grps

2 0.8

<0

<0

3 1.8

5.6

0.05S 66

24.4

97.4

0.03

2 0.9

1.1

32

12.9

98.9

0.01

E. artesiae
All
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L. megalotis
All* 5 3.3

4.5

2-grps* 1 0.5

<0

<0

4 2.8

3-grps* 1 1.3

<0

<0

3 2.0

92

34.4

95.5

0.05S

5.3

0.05S 92

34.4

96.1

0.04S

4.7

0.05S 92

34.4

95.5

0.04S

C. anomalum
All

3 0.5

<0

2-grps

1 0.3

1.5

0.01 2 0.3

<0

3-grps

2 0.3

0.9

<0

<0

1 0.2

86

23.1 101.7

<0

<0

86

23.1 101.5

<0

<0

86

23.1 100.2

<0
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Table 4.7. Isolation by distance for five common species inhabiting isolated areas
of the Middle and Alum Forks of the Saline River (central Arkansas;
September 2001 and 2002). Correlation coefficients (r) describing the
relationship of stream distance and Fst values, along with associated
probability values (P) from Mantel tests are given for each species.
Species

r

P

A. sayanus

-0.40

0.87

F. olivaceus

-0.27

0.82

E. artesiae

0.38

0.50

L. megalotis

-0.11

0.68

C. anomalum

0.83

0.08
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Table 4.8. Bayesian analysis of haplotype frequencies from subpopulations of
five species collected in the Alum and Middle Forks of the Saline
River (central Arkansas; September 2001 and 2002). Posterior
probabilities (Ppos) are probability of population cluster (in
parentheses). Site abbreviations are: AF (Alum Fork region); MF
(Middle Fork region); NA (North Alum Fork); MA (mainstem of the
Alum Fork); SA (South Alum Fork); BC (Bread Creek); MF1 (Middle
Fork site 1); and MF2 (Middle Fork site 2). AF and MF were used
because of limited sample size for some species.
Species

Population Groupings

Ppos

A. sayanus

(NA, BC, MF2), (SA, MF1)

0.3094

(NA, MF2), (SA, BC, MF1)

0.2807

(NA, MF2), (SA, MF1), BC

0.1166

(NA, BC), (SA, MF1), MF2

0.1080

(NA, BC, SA, MF1, MF2)

0.0476

(MA, NA, BC, MF), SA

0.7649

(MA, NA, BC), SA, MF

0.0726

(MA, NA, BC, SA, MF)

0.0672

(MA, NA, BC, SA), MF

0.0215

AF, MF

0.6123

(AF, MF)

0.3877

(MA, NA, SA, MF1), BC, MF2

0.2494

(MA, NA, SA, MF1, MF2), BC

0.1549

MA, (NA, SA, MF1, MF2), BC

0.0892

MA, (NA, SA, MF1), MF2, BC

0.0728

F. olivaceus

E. artesiae

L. megalotis
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C. anomalum

(MA, MF1), (NA, SA, MF2), BC

0.0561

(NA, BC, MA, MF1)

0.8685

(MA, NA, BC), MF1

0.0660
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Figure 4.2. Rarefied haplotype richness curves from five stream fishes in the Alum
and Middle Forks of the Saline River drainage (September 2001 and
2002). Richness was interpolated across a range of abundances. Error
bars represent the 95% confidence interval. Probability values note
significant differences in richness between the two regions at the
lowest, standardized abundance using 95% confidence intervals; n.s.
indicates no significant difference.
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Figure 4.3. Rarefied haplotype richness curves from five stream fishes in the
Alum and Middle Forks of the Saline River drainage (September
2001 and 2002). Richness was interpolated across a range of
abundances. Error bars represent the 95% confidence interval.
Richness was rarefied for three regions: upstream a natural pond (in
Alum Fork), downstream a natural pond (in Alum Fork), and
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Table 4.9. Degree of nestedness for the distribution of haplotypes for five stream
fishes occurring in the Alum and Middle Forks of the Saline River
(September 2001 and 2002). Low temperatures (T) indicate more
nested haplotypes. The probability that observed T (Tobs) is less than
the T expected from a random distribution (Texp) is P. The standard
deviation of Tobs from Texp is σ.
Species

Tobs

Texp

σ

P

A. sayanus

15.17

37.50

-1.95

0.026

F. olivaceus

33.43

39.05

-0.52

0.304

E. artesiae

23.10

32.97

-0.68

0.252

L. megalotis

14.35

35.78

-1.86

0.032

C. anomalum

48.04

30.50

1.46

0.900
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Table 4.10. Demographic models fit to sequence data for five species collected
from the Alum and Middle Forks of the Saline River (central
Arkansas; September 2001 and 2002). The models were a constant
population growth model (CONS), an exponential growth model
(EXPO), an expansion model (EXPAN), a logarithmic growth model
(LOG), and a piece-wise expansion model (PEXPAN). The fit of the
model was judged objectively using Aikike’s Information Criterion
(AICc). The log-likelihood (lnL) of each model represents the fit of
the model without a correction for the number of parameters.
Species
A. sayanus

CONS
EXPO
EXPAN LOG
PEXPAN
AICc lnL AICc lnL AICc lnL AICc lnL AICc lnL
12.2 13.6 23.2 26.4 20.4 26.4 20.4 26.4 20.4 26.4

F. olivaceus

20.0 21.3 18.3 21.5 16.0 22.0 21.4 27.4 16.3 22.3

E. artesiae

13.3 14.6 19.6 22.8 16.8 22.8 18.6 14.6 16.8 22.8

L. megalotis

18.2 19.5 16.6 19.8 13.8 19.9 22.8 28.8 14.3 20.3

C. anomalum 16.8 18.1 25.4 28.3 23.3 28.3 23.4 28.4 23.3 28.3

103
Table 4.11. Parameters used to fit the most likely demographic model to the
phylogenetic history of 5 species (see Table 3.9) collected from the
Alum and Middle Forks of the Saline River (central Arkansas;
September 2001 and 2002). Parameter estimates are the mutation
parameter (θ), the exponential growth rate standardized for the
mutation rate (ρ), and final population size (α). For each parameter,
95% confidence intervals (CI95) are provided: lower CI95, upper CI95.
Species

Model

θ

A. sayanus

CONS

0.631

CI95

0.34, 1.38

F. olivaceus

E. artesiae

L. megalotis

EXPAN

134.474

CI95

0.15, 8.5x1015

CONS

0.583

CI95

0.30, 1.2

EXPAN

0.470

CI95

0.17, 1.2x1016

C. anomalum CONS
CI95

0.787
0.45, 1.57

ρ

α

1174.21

0.002

1x10-10, 1x1010

4.32
1x10-10, 1x1010

1x10-50, 2x10-7

7.50x10-15
1x10-50, 1
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Figure 4.4. Number of alleles plotted by allele frequency classes of Luikart et al.
(1998) for all species [(across all localities (A) and Alum Fork
localities (B)], and for each species (remaining panels, as labeled)
collected in the Alum and Middle Forks of the Saline River drainage
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Figure 4.5. Number of alleles plotted by allele frequency classes of Luikart et al.
(1998) for Aphredoderus sayanus collected in the Alum and Middle
Forks of the Saline River drainage (central Arkansas; September 2001
and 2002). Panels represent relationships for each site, as labeled.
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Figure 4.6. Number of alleles plotted by allele frequency classes of Luikart et al.
(1998) for Lepomis megalotis collected in the Alum and Middle Forks
of the Saline River drainage (central Arkansas; September 2001 and
2002). Panels represent relationships for each site, as labeled.

107

3.5

Number of Alleles

3.0

MA

SA

NA

BC

2.5
2.0
1.5
1.0
0.5
0.0
3.5

2.5
2.0
1.5
1.0
0.5
0.0

0.1

0.2

0.3

0.4

Allele Frequency

0.5

MF1
MF2

2.0

Number of Alleles

Number of Alleles

3.0

1.5

1.0

0.5

0.0
0.0

0.1

0.2

0.3

0.4

Allele Frequency

0.5
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(1998) for Fundulus olivaceus collected in the Alum and Middle Forks
of the Saline River drainage (central Arkansas; September 2001 and
2002). Panels represent relationships for each site, as labeled.
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Figure 4.8. Number of alleles plotted by allele frequency classes of Luikart et al.
(1998) for Campostoma anomalum collected in the Alum and Middle
Forks of the Saline River drainage (central Arkansas; September 2001
and 2002). Panels represent relationships for each site, as labeled.
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Figure 4.9. Number of alleles plotted by allele frequency classes of Luikart et al.
(1998) for Etheostoma artesiae collected in the Alum and Middle Forks
of the Saline River drainage (central Arkansas; September 2001 and
2002). Panels represent relationships for each site, as labeled. MA and
BC were combined because of small sample sizes at MA (n = 2).
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Forks of the Saline River drainage (central Arkansas; September
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produced from maximum likelihood methods.
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DISCUSSION

Patterns of Genetic Diversity and Differentiation
One of the most interesting patterns I found was lower genetic diversity in the
Alum Fork versus the Middle Fork of the Saline River. This could be a result of
fragmentation imposed by Winona Dam if upstream populations were not recolonized by populations downstream the dam. Low diversity may also be related
to poor water quality (Fore et al. 1995; Heithaus and Laushman 1997), but I have
no evidence that Alum Fork localities are qualitatively inferior to Middle Fork
localities. Low within-population genetic diversity may be commonplace across
localities, resulting from turnover in a metapopulation (Pannell and Charlesworth
1999), which likely describe the dynamics of this system (Gagen et al. 1998;
Taylor and Warren 2001). In addition, stochastic extinction of rare haplotypes or
recent bottlenecks may have occurred following a severe drought in the Alum
Fork in summer 2000 (Williams 2001), leading to lower genetic diversity
(Rutledge et al. 1990). Nucelotide diversity was also lower for Alum Fork sites,
further supporting the idea that localized population bottlenecks had occurred
(Faber and Stepien 1997; Arnaud et al. 1999; Alves et al. 2001).
Populations were not well-differentiated (Fst < 0.10, usually), probably because
of high genetic variance within subpopulations from episodic gene flow that
occurred between years of sampling (Garant et al. 2000). Stream connections
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among habitats periodically allow gene flow (Meffe and Vrijenhoek 1988), and
are often greatest during high flow events in fall and winter. We could not
partition genetic variance to a temporal effect because of limited sample sizes.
Even though temporal differentiation for intermittent stream fishes can be quite
high (Fst = 0.40; Rutledge et al. 1990), spatial differentiation was within the range
of that reported for many other stream fishes (Zimmerman 1987: Fst = 0.01–0.20).
To get a truly general pattern of population differentiation, multiple years of
sampling should be undertaken, and the variance partitioned to time must be
considered.
In this study, genetic differentiation was not related to geographic distance
among localities for any species. Isolation-by-distance models may be too
simplistic to explain genetic structure of hierarchically structured populations
(Costello et al. 2003), or populations in intermittent and human-disturbed systems
(Matsubara et al. 2001; Mulvery et al. 2003; McElroy et al. 2003). Extinction
and recurrent colonization, which typifies this system (Taylor and Warren 2001)
may result in genetic nonequilibrium (Whitlock and McCauley 1990), rendering
isolation-by-distance models uninformative. Failure to detect isolation-bydistance in this system might also result from a lack of power related to limited
sampling distribution.
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Geographic Partitioning of Genetic Variance
Both among and within regional barriers to dispersal can affect the population
genetics of fishes (Chapman 1989; Nesbo et al. 1999; McGlashan and Hughes
2000; Aurelle and Berrebi 2001; Matsubara et al. 2001; Costello et al. 2003).
Within-region differentiation may be related to localized demographic variability
(McElroy et al. 2003) or local extinctions which enhance genetic differentiation
(Slatkin 1977; Whitlock and McCauley 1990; Gaggiotti 1996). Both of these
likely affected population differentiation and demographic histories of species in
this study.
Among-region barriers to dispersal influenced genetic differentiation less than
local ones associated with stream dry-down. I suggest three possible explanations
for this: 1) regional structures may not impede gene flow, at least for the natural
ponded region; 2) historical, genetic structure may have been lost because of
homogenizing effects of stream dry-down; and 3) regions may have been
improperly defined.
Relatively high flows throughout the year may permit gene flow across some
reservoirs, such as the ponded region, resulting in the random distribution of
haplotypes across the landscape. Two of the least differentiated species, E.
artesiae and C. anomalum both have relatively high immigration rates (Taylor
and Warren 2001), which may diminish the effectiveness of the ponded region for
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inhibiting gene flow. Although dispersal across the natural pond is possible, it is
impossible that dispersal occurs regularly across Winona reservoir and dam.
Alternatively, and possibly more likely, regional differentiation may be
masked because of the genetically, homogenizing effects of stream dry-down.
During dry-down, haplotypes may go locally extinct when death occurs
(Magoulick and Kobza 2003; Mathews and Marsh-Matthews 2003), and
extinction rates differ across pools (Gotelli and Taylor 1997; Taylor and Warren
2001). As a result, any historical, regional differentiation may not be detected
because of the genetic nonequilibrium associated with seasonal dry-down of these
streams. Within regional differentiation for L. megalotis, A. sayanus, and F.
olivaceus may be related to such mortality, or to philopatry, even during periodic
summer spates. Campostoma anomalum and E. artesiae may be less influenced
by seasonal drought, resulting in similar haplotype frequencies and less
differentiation among localities. Indeed, Heithaus and Laushman (1997) showed
that populations of C. anomalum were not well-differentiated, possibly because of
their hardiness.
Finally, defining regions a priori may not be appropriate (Manel et al. 2003). I
cannot rule out the possibility that unseen dispersal barriers along the stream
gradient exist, which would ultimately result in different regional definitions and
hierarchies. After inspection of topographic maps and the streambed, however,
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Lake Winona and the ponded region seemed to be the most likely structures that
might inhibit dispersal for small-bodied stream fishes.

Demographic Changes Over Time
When scaled to locality, localized bottleneck effects were apparent, while there
was less evidence for region-wide bottlenecks. The effect of scale on biasing
patterns of bottleneck with this test, however, is unclear. Rutledge et al. (1990)
suggested that stream intermittency and summer drought resulted in bottlenecks
for Cyprinella lutrensis, but not C. umbratilis. The nested haplotype
distributions, as well as Luikart et al.’s test (1998) for L. megalotis and A. sayanus
suggested local extinction of rare haplotypes for these species as well. Mortality
may be caused by pool drying (Magoulick and Kobza 2003), which differed in
intensity across localities.
All species showed a recent reduction in effective population size for females.
This reduction may be related to severe drought during the summer of 2000
(Williams 2001), and was preceded by population growth for L. megalotis and F.
olivaceus. Contiguous range expansion was indeed detected for L. megalotis
(unpubl. data) using a nested cladistic analysis (Templeton et al. 1995; Templeton
1998), and is possibly related to recolonization of extirpated localities. Both
generalized and classic skyline plots showed similar trends of a recent reduction
in population size.
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Overall, it appears as if the demographic history of fishes in intermittent
streams is tied to the ecology of the species’ habitat (Faber and White 2000;
McElroy et al. 2003), at least at small scales, and is not influenced by geographic
distance between localities or regional barriers to gene flow. Such patterns were
surprisingly similar across species, but may be restricted to solely females. While
my data suggest extinction and bottlenecks have influenced populations in this
study, future studies utilizing multiple loci are necessary. Furthermore, better
documentation of movement within this system, and better quantification of
mortality during summer dry-down would support genetic patterns inferred from
using molecular methods. Regardless of these short-comings, researchers should
be mindful of the consequences of habitat dynamics on the population genetics of
fishes.
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CHAPTER V
CONCLUSIONS
Natural disturbances are classified by the disturbing force and subsequent
response of the community (Lake 2000). An important natural disturbance
affecting intermittent stream communities is stream drying during summer
drought (Taylor and Warren 2001). Drought is a ramp disturbance, and becomes
progressively more harmful to aquatic communities over time (Lake 2000). The
resilience of aquatic communities to drought (Deacon 1961; Cowx et al. 1984) is
partially owed to the presence of pool refugia (Lake 2000). These refugia are not
well-characterized (Lake 2000; Magoulick and Kobza 2003), despite their
obvious importance for supplying colonists when flow resumes. I specifically
explored changes in fish and aquatic insect assemblages inhabiting pool refugia. I
further explored the population genetics of fishes inhabiting these refugia and
used molecular markers to determine how demography has changed over time.
Aquatic insect assemblages were sensitive to changes in the water chemistry of
refuge pools. Pools with high chlorophyll a and highly variable dissolved oxygen
had assemblages that were the most temporally stable. These pools were
dominated mainly by the Chironomidae (JWL, unpubl. data), possibly as a result
of eutrophication (Cole 1994). Pools that had not eutrophied generally had more
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diverse assemblages. In these pools, the natural emergence of different species of
adults during summer (Dewalt et al. 1994) may have led to higher assemblage
variability. Other sources of assemblage variability, such as predation, also likely
influenced densities of aquatic insects in this system during summer (Williams et
al. 2003).
Fish assemblages were least variable in downstream, hydrologically stable
pools. Pools that dried the most exhibited population declines, localized
extinction, and relatively low immigration rates from month to month. However,
regional and local species richness changed little throughout summer. Sources of
mortality within refugia included degradation of habitat conditions (i.e., pool
drying), and possibly predation. Aquatic snakes are well-known predators of
fishes (Kofron 1978), and water moccasins (Agkistrodon piscivorous) were
common near isolated pools (JWL, pers. obs.). Unfortunately, I was unable to
quantify predation as a source of mortality for fishes. Genetic data suggested
stochastic extinction of haplotypes and bottlenecks had occurred for some
localities, reinforcing the idea that local ecology importantly influences
population genetics (Faber and White 2000; McElroy et al. 2003).
Two important conclusions can be drawn from my study. First, stream drying
during summer drought resulted in refugia, which were characterized as sources,
sinks, and metapopulations for fishes (Magoulick and Kobza 2003). Therefore,
natural disturbance influenced landscape community patterns, and source-

130
sink/metapopulation models may be useful for predicting assemblage change over
time in these streams. Second, local refugia impose varying ecological selection
pressures that affect population genetics of species. Localized genetic
differentiation may, in fact, be equally or more important than differentiation
defined by permanent in-stream barriers to dispersal (McGlashan and Hughes
2000; McElroy et al. 2003), at least across small spatial scales. To further support
these genetic patterns, more loci and more localities should be included.
Lake (2003) suggested that “... restoration of streams must include the
provision of drought refugia and the inclusion of drought in the long-term flow
regime.” Refugia from summer drought are clearly important, and stream drying
during summer may be thought of as an important demographic and genetic filter.
As such, stream drying is analogous to the natural wildfires of forest ecosystems.
By maintaining the natural, flow dynamics of intermittent streams, conservation
of the complex demographic processes and genetic patterns of stream
communities is ensured.
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APPENDIX A.
PRIMER SEQUENCES FOR AMPLIFYING THE CONTROL REGION OF
THE MITOCHONDRIAL DNA FOR TARGET SPECIES
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For F. olivaceus and E. artesiae:
Forward: CCC CCG CTA CTC GCT CCC AAA GC
Reverse: CCA DAT GCC AGK AAT TRW TCA
For L. megalotis:
Forward: TCA AAG CTT ACA CCA GCT TTG TAA ACC
Reverse: TAA CTG CAG AAG GCT AGG ACC AAA CCT
For A. sayanus:
Forward: TTC CAC CTC TAA CTC CCA AAG CTA
Reverse: CCT GAA CTA GGA ACC AGA TG
For C. anomalum:
Forward: CCG CCG CTA CTC GCT CCC AAA GC
Reverse: CCT GAA CTA GGA ACC AGA TG
For sequencing:
Forward: TCA AAG
Forward: TTC CAC
Reverse: CCT GAA
Reverse: CCA DAT

CTT
CTC
CTA
GCC

ACA
TAA
GGA
AGK

CCA
CTC
ACC
AAT

GCT
CCA
AGA
TRW

TTG TAA ACC
AAG CTA
TG
TCA

APPENDIX B.
SEQUENCE ALIGNMENT OF DIFFERENT HAPLOTYPES OF THE
CONTROL REGION OF THE MITOCHONDRIAL DNA
FOR FIVE SPECIES OF STREAM FISHES
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Fundulus olivaceus
ATCCCCAGCATCTATATAAACATTTAAAGTAATGTAACCCTAATTAGTATAATAATGACATGTATAGACTTATTATACACTC
ATACAACAGCATATTAATAAGGAGCTAAACCATTAAATACTCTTCACAATTTATGTATTAAACGAATTGAATTGCTCTATCA
TAACTCTCATCTCTAGTTATAAGGACTCAACAAACCTGCAAGGCTCCGATGTAGAAGAGACCACCATCAGTTGATTTCTTAA
TGATACGTT
ATCCCCATCATCTATATAAACATTTAAAGTAATGTAACCCTAATTAGTATAATAATGACATGTATAGACTTATTATACACTC
ATACAACAGCATATTAATAAGGAGCTAAACCATTGAATACTCTTCACAATTTATGTATTAAACGAATTGAATTGCTCTATCA
TAACTCTCATCTCTAGTTATAAGGACTCAACAAACCTGCAAGGCTCCGATGTAGAAGAGACCACCATCAGTTGATTTCTTAA
TGATACGTT
ATCCCCATCATCTATATAAACATTGTAAATAATGTAACCCTAATTAGTATAATAATGACATGTATAGACTTATTATACACTC
ATACAACAGCATATTAATAAGGACATAAACCATTGAATACTCTTCACAATTTATGTATCAAACGAATTGAATTGCTCTATCA
TAACTCTCATCTCTAGTTATAAGGACTCAACAAACCTGCAAGGCTCCGATGTAGAAGAGACCACCATCAGTTGATTTCTTAA
TGATACGTT
ATCGACAACACTTAATTGTATATTATACTCAATGGGGCATCAGCTACCATATTAATCACAAATATAGGATTCACCCATATTC
ATATATCACCATAATACTAAGGGTCTAAAGCATTAGATTATCTAAACTGTTAACGGACTAGGCGAATTTAATTGATCGAACA
CAAATCTCATATTAAGTTATATTTACCCAACATCTCGCCATACCCTTAATGTAGAAGAGCCTACCATCAGTTGATTTCTTAA
TGAAACGGT
CAAACTAATACACAATTCAAAACTAACAACAACACTACAAAAACAAATATATTAATAATAAAAATTCAAATCTAAAAAATAT
ACACAATACTTCATTAAAATCAATTTCAAATATAAAAAAATAAAAATAAAATATAAACTAAATACAATAAACAAATCAAATA
TAAATATAAAGATAAATAATAAATATATAAACTAAAAAAATATCTACAAACTCAAAAATACTACATATAAAAAATATTAAAA
ATAAATATA
ATCCCCATCATCTATATAAACATTTAAAGTAATGTAACCCTAATTAGTATAATAATGACATGTATAAACTTATTATACACTC
ATACAACAGCATATTAATAAGGAAATAAACCATTGAATACTCTTCACAATTTATGTATTAAACGAATTGAATTGCTCTATCA
TAACTCTCATCTCTAGTTATAAGGACTCAACAAACCTGCAAGGCTCCGATGTAGAAGAGACCACCATCAGTTGATTTCTTAA
TGATACGTT
TAAACTAATGAGTTATTGAGCATTCAATATCGTTTAATACTTAATTGTAAAGTATTCATGGTTATTACCTTATTAATATGCT
GTGTATGAGTGTATTAAGTCTAACTTCCATTATTATACAATGTAGGTAACATTTATGTTGCAATAAATAGAATGGATAAATA
CATATATGTATGTAAACTATATCTGTGCGTGGCATGGGCCCGGCACAAGAATAGGGAGCGGTACGAATCTCTAATGCTATTT
GGGAACCAG
CTCCCCAACATTTACTTAAACATTTAAAGTAATGTAACCCTAATTAGTATAACTATGACATGTATAGACTTATTATACACTC
ATACAACAGCATATTAATAAGGAACTAAACCATTAAATACTCTTCACAATTTATGTATCAAACGAATTGAATTGCTCTATCA
TAACTCTCATCTCTAGTTATAAGGACTCAACAAACCTGCAAGGCTCCGATGTAGAAGAGACCACCATCAGTTGATTTCTTAA
TGATACGTC
CACCCCATCAATTATATAAACATTTAAACTAATGTAACCCTAATTAGTATAATAATGACATGTATGACCTTATTATACACTC
ATACAACAGCATATTAATAATGAGCTAAACCATTAAATACTCTTCACAATTAATGATATAAACGAATTGAATTGCTCTATCA
TAACTCTCATCCTCTATTATACGGACCTCACCCCTGAAGGAATCTCTAAAACCCTAGCATTTATAATACTTCCGCATGTCCG
GACAACTTC
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Aphredoderus sayanus
GGAGAATAAATCCCGCACTAAACCCACCATGTCAGGGTCGTGAATCCCCGATCTCGACCCCCGATGTCACTTGCGGATATCC
AAATAAGCATCCCCCCCCCAATAGCCCCACTCCTTCATTCTCATTCCTTCACTCTTCCTCGTCTTCTAATCTGGGTCTC
GGAGAGTAAATCCTGCACTCGACCCACCATGTCCGGGTCGTGAATCCTCCACCTCGACCCCCCATGTCCCTTGTGGATCTCC
AAGTGAGTTTCCCCCCCCCAATCGCCCCGTTCCCTCATTTTTACTCCTTTACTCCTCCTCGTTTTTTGGTTTGGATTTC
AGGGAATAAGTCTTGCACTAAACCCACCATGTCGGGGTCGTGAATCCTCCACCTCAACCCCCCATATCGCTTGTGGATATCC
AAATAGGTATCCCCCCCCCAATCACCCTGTTCCTTTATTCCTACTTCTTTACTCCTTCTCGTTTTTTGGTTTGGATTTA
AGTGAACAACTCCTGCACTAGACCTACCACGTCGGGGTCGTGAACTCTCCACCTCGGCTCCCCATGTCACTTGTGGATATCC
GAGTGGGCATCCCCCCCTCAACCACCCCACTTCCGCATCCCCACTTCTTTACTCCTTCTCGTTTTTTAGTTTAGATTTG
GAAGAATAGATCTTGCATTAGACCTACTATGTCGGAGTCGTAAGTCCTCCACCTCAACCCCCCATATCGCTTGTGGATATCC
GAGTGAGCGTCCCCCCCCCAATCACCCCGTTCCCTTATTCTCACTCCCCCACTCCTCCTCATTTTTTGGTTTAGATTTT
GGGGAGTAGGTCCTGCACTAAACCCACCATGTCGAGGTCGTGAATCTCCCACCTCAACCTCCCATATTGCTTGTGGATGTCC
AAATGAGTCCCCCCCCCCCGATGGCCGCGTTCCCTTGTCCTCACTCCTTTATTCTCTCTCGTTCCTTAGTTTGGATTTC
GGAGAATAGGTCGTGTACAAAACCTACCATGTCGAGGTCGTGAATTTTCCACCTCGACCCCCCATATCACTTGTGGATGTCC
GAGTGGGTATCCCCTCCCCAATTGCCATGTTTCTATATCCTCATTCCTTTATTCTTTTTGGTCTTTTAGTTTGGGTTTA
GGAGAGTAGATACTGCACTAGACCCTTTATGTCGGGGTCGTGAATCCTCCAACTCGACTCCCCATGTCGCTTGTGGATGTCC
GAGTGAGCCTCCCCTCCCTAATAGCCTCGTTCCCTTATCCTCACTCCTTCACTTTTTCTCGTTTTCTGGTCTAGATTTC
AAGGAACAAATCCTGCACTAAACCCACCATGTCGGGGTCGTGAACCCCCCACCTCAACCCCCCATGTCACTTGTGGATGTCC
GAGTGAGCATCCCCCCCCCAATAACCCCACCCCCTTATTCTCACTTCTTCACTCCTCCTCGTCTTTTAGTCTGGGTTTG

Etheostoma artesiae
AATTTTATAAGGTCGCTTCATTAGGATCCATATTTAAAAAGGTAATCTAATAAAATATCCAAAATTAGACCACAAACTATAT
AAGAACCCCCACCATCCCAACTAATAACCACATATTCTTAATATAACTTAT
AATTTTATAAGGTCGCTTTATTAGGATCCATATTTAAAAAGGTAATCTAATAAAATATCCAAAATTAGACCACAAACTATAT
AAGAACCCCCACCATCCCAACTAATAACCACATATTCTTAATATAAC
TTAT
AATTTTATAAGGTCGCTTCATTAGGATCCATATTTAAAAAGGTAATCTAATAAAGTATCCAAAATTAGATCACAAACTATAT
AAGAACCCCCACCATCCCAACTAATAACCACATATTCTTAATATAACTTAT
AATTTTATAAGGTCGCTTCATTAGGATCCATATTTAAAAAGGTAATCTAATAAAGTATCCAAAATTAGATCACAAACTATAT
AAGAACCCCCACCATCCCAACTAATAACCACATATTCTTAATATTACTCAT
AATTTTATAAGGTCGCTTCATTAGGATCCATATTTAAAAAGGTAATCTAATAAAGTATCCAAAATTAGATCACAAACTATAC
AAAAACCCCCACTATCCCAACTAATAACCACATATTCTTAATATAACTTAT
AATTTTACAAAGTTGCTTCATTAGGATCCATATTTGAAAAGGTAATCTAATGAAGCATCCAAAATTAGACCACAAACTATAT
GAAGGCCCCCACCGTCCCGACTGATAACCACATATTCTGAATATCCCTTAT
AATTTTGCAAAATTGCTTCATTAGAACCCATACTTAAAAAAATAGTCTAATGAAACATCCAAAATCAGACCACAAACCATAT
AAAAATCCTCACCGCCCCAACCAACAACCACATACTCTCAACATCCCCTAT
AGTTCTATAAAGTTGCTTCATTAGAACCTATATTTGAAAAGGTAATCTAATGAAACATTTAGAATTAGGTTATAAATTATGT
AAGAACTCTCACCATCCCAACCAGCAACTACATATCCTGAATATCACATAT
AATTCTACAAGGCCGCTCCATTAGAGCCCATGTTTGAGAGAACAATGTGATGAAGCGTCCAAAATTAGATTACGAGCCATGT
AAGAACCTTCACCGTCTCAACTAACGGCTACATATTCGCGATATTGCCCAT
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Lepomis megalotis
CAATTAAAGATTTTTTGGATTGCCCTATGAATTATTTGGAAAATGCCACAAATATTAAATATTTAGTTAGACTGTAGTTATA
AATGGAATCCATAATATAATACAAAATTTAAAAATGATTAATATATAATGGTATGTCATCTGTCATCCTAAAAGAATAGTTT
ACAATCTAGTGGGATGAGGGA
CAATTAAAGATTTTTTGGATTGCCCTATAAATTATTTGGAAAATGCCACAAATATTAAATATTTAGTAAGACTGTAGTTATA
AATGGAATCCATAATATAATACAAAATTTAAAAATGATTAATATATAATGGTATGTCATCTGTCATCCTAAAAGAATAGTTT
ACAATCTAGTGGGATGAGGGA
CGATTAAAGATTTTTTGGATTGCCCTATAAATTATTTGGAAAATGCCACAAATATTAAATATTTAGTTAGACTGTAGTTATA
AATGGAATCCATAATATAATACAAAATTTAAAAATGATTAATATATAGTGGTATGTCATCTGTCATCCTAAAAGAATAGTCT
CCAATCTAGTGGGATGAGGGA
CGATTAAAGATTTTTTGGATTGCCCTATAAATTAATTGGAAAATGCCACAAATATTAAATATTTAGTAAGACTGTAGTTATA
AATGGAATCCATAATATAATACAAAATTTAAAAATGATTAATATATAATGGTATGTCATCTGTCATCCTAAAAGAATAGTTT
ACAATCTAGTGGGATGAGGGA

CGACTAAAGATTTTTTGGATTGCCCTATAAATTAATTGGAAAATGCCACAAATATTAAATATGTAGTAAGACTGTAGTTATA
AATGGAATCCATAATATAATACAAAATTTAAAAATGATTAATATATAATGGTATGTCATCTGTCATCCTAAAAGAATAGTTT
ACAATCTAGTGGGATGAGGGA
CAATTAAGGGTTCTTTAAATCACTCTATAAATTAATTAAAAAATACCACAAACACTAAACATATAATAAGATTATAAGCATA
AACAAAATACATAATATAATACGAAACTTAAAAACAATTAGTCTATAACGACACACCATCCGCCATCCTACATGAGTAGCCT
ATATTCTAATAGGATGAAGGA
CAATTAAAGATTCTTTAAATTGCTCTACAAACTAATAAAAAAATATCACAAACACTAAACATATAATGAGACTATGACCATA
AACAAAATCCATAGTATCGTACAAAATTTAAAAACAATTAGTCCATAACGACACACCCTCCGCCATCCTAAATGAATAGCCT
ACAATCTAATGGGATGAAGGA
CAATTAAAGATTCTTTAAATCACTCTATAAATTAATCAAAAAATACTACAAACACTAAACATATAATAAAATTATAACCACA
AACAAAATACATAATATAATACAAAATTTAAAAACAATTAATTCATAACAACACACCATCCACCATCCTAAATGAATAACCT
ATATTCTAATATGATGAAGAA
GAATTAAAGATTCTTTAGATTACCCTATAAATTAATAAAAAAATACCACAAACACTAAACATATAATAAAACTGTGATCATA
AACAAAATACATAGTATAATACAAAATTTAAAAACAATTAGTTTATAACAATACATCATCTGCCGTTCTAAAAAAACATCCC
ACACCCCAATAAAATAAAAAA

139
Campostoma anomalum
ATATTTGATTTTTTGGAATACCTAACAAAAATTGTTTATTATAACCCCATGAAATAATATTAATTATTCTAACTATTAATAT
ACTTATTATGTTACTATTTATGTATTTTAAAGTTTTTTTTTTTATTCTA
ATACTTGGTCTTTTGGAATACCTAACAAAAATTGTTTATTATAACCCCATGAAATAATATTAATTATTCTAACTATTAATAT
ACTTATTATGTTACTATTTAAGTATTTTAAAGGCTGCCTTTTCACTCTG
ATACTTGATTTCTTGGAATACCTAATAAAAATTGTTTACTATAATCCTACAAAACAATATCAATTATTCTAACCATTAATAT
ACTTCTTATGTTACTACTCATGTATTCTAAAGTTTCTTCTTTCGCTTTG
ATACTCAATTTCTTAGGATACCTAACAAAAATTATCTAATATCACCCCATAAAATAATATCAACTATTCTAATCATTAATTT
ACTTATCATATTATTACTCATATATTTCAAGATTTCTCCTCTTATTTTA
ATACTCGATCTCTTAGAATACTTAACAAGAATTATCTACTATCACCCCACAAAATAATATCAACTAGCCTAACTATTGATCC
ACTTATCATATTATTACTCATGTACCCCAAAATTCCTCCCCTTATTCCA
ATAGTTGATTTTTTAAAATACTTGATAGAAATTATTTATTATCATCCCATAAAATAATATCAACCATTCTAGTCATTAATAT
ACTTGTTATATTACTACTCATATATTCCAAAACTTCTTTTTTCATTCTA
GTACTTGGTCTCTTGGTATACTTGACAAGAATTGTTTAGTATAATCCCATAAAATAATATCAACTATTCTAACCATTAATAT
ATTTATTATGTTACCACCCATGTATTCTGAAATTTCTTTTTTCACTTTA
ATACTTGATTTTTTAGAATACTTAATATTAATTATTTATTATTATCTCATATAATTATATCAATTATTCTAATTATTATTCT
ACTTATCATATTACTATTTATATACTTTAAAGTTTCTTTTTTCATTTTA
ATACTCAATTTCTTAGGATACCTAACAAAAATTATTTAATATCACCCCATATAATAATATCAACTATTCTAATCATTAATCT
ACTTATCATATTACTATTCGTCTATTTCAAGATTTCCCCTCTCACCCTA
ATACTCAATTTCTTAGAATACCTAACAAAAATTATTTAATATCACCCCATAAAATAATATCAACTATTCTAATCATTAATCT
ACTTATCATACTACTACTCGTATATTTCAAGATTTCCCCTCTCACCCTA
GTACTCGATCTCTCAGAATACCTGACAAAAATTATTTACTATCACCCCATACAATAATATCAACTATTCTAATCATTGATCT
CCTTCTCACACTACTACTCGTCTATTCTAAACTTTCTCCTCTCACTCCA

APPENDIX C.
FIVE SPECIES THAT ARE CLOSELY RELATED TO TARGET SPECIES
AND WERE USED TO ROOT MAXIMUM
LIKELIHOOD GENE TREES
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TARGET SPECIES
Fundulus olivaceus

SPECIES FOR ROOT
Fundulus parvipinnis

Aphredoderus sayanus

Percopsis transmontana

Etheostoma arteseia

Etheostoma parvipinne

Lepomis megalotis

Micropterus salmoides

Campostoma anomalum

Cyprinus auratus

